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Abstract 
Sulfide-induced corrosion of sewer infrastructure costs multi-billion dollars globally. Sewer 
maintenance and management largely depends on the estimation of the sewer corrosion rate, 
which currently can be very rough due to poor understanding of details of the process. Hence 
improved understanding of the corrosion processes has a major beneficial impact globally 
through increased service life and reduced repair/replacement costs. The overall aim of this 
thesis is to improve the understanding of sewer corrosion processes and develop strategies for 
corrosion control.  
 
To rapidly and non-destructively monitor the corrosion process, a methodology was 
developed based on measuring the H2S (sulfide) uptake rates (SUR) of concrete. The SUR of 
concrete coupons was determined by monitoring the temporal gaseous H2S concentrations in 
a temperature- and humidity-controlled gas-tight reactor. The results from repeated tests 
showed good reliability of the method. A severely corroded coupon exhibited higher SUR 
than a less corroded coupon, suggesting that the former having a higher sulfide oxidation 
activity than the latter. Additionally, temperature changes had a stronger effect on the SUR of 
the heavily corroded coupon compared to the less corroded coupon. The corrosion rates 
estimated from the SUR agreed well with those observed in real sewers under similar 
conditions. 
 
The effect high H2S concentrations on the SUR of coupon were investigated. During the high 
load situation, the SUR increased significantly but then decreased (compared to the baseline 
SUR) by about 7 – 14% and 41 – 50% immediately after short- and long-term high H2S load 
periods, respectively. For both conditions, the SUR gradually (over several hours) recovered 
to approximately 90% of the baseline SUR. Further tests suggest multiple factors may 
contribute to the observed decrease of SUR directly after the high H2S load. This includes the 
temporary storage of elemental sulfur in the corrosion layer and inhibition of sulfide 
oxidizing bacteria due to high H2S level and temporary acid surge. The sensitivity of the 
coupon SUR towards high H2S loads was largely dependent on its historical H2S exposure 
levels.   
 
II 
The deprivation of gaseous H2S for 1 h consistently caused temporary increase of the H2S 
uptake rate (SUR) immediately upon H2S re-supply whereas deprivation of both gaseous H2S 
and O2 for 1 h posed little increase of the SUR after re-supply. The results suggest that the 
H2S uptake process could be limited by the oxidation of reduced sulfur species. Furthermore, 
the SUR decreased by 1.2% after deprivation of H2S for a relative long-term (i.e. 12 h), 
suggesting a reduced biological activity after the extended “starvation”.  
 
The details of sulfide oxidation by comparing oxidation activity of a suspended solution of a 
corrosion layer with gaseous H2S uptake activity of a coupon were investigated. With 
sufficient dissolved oxygen (DO) and in the presence of sulfide, the mole ratio of consumed 
DO to consumed sulfide was 1.24 ± 0.35, indicating the formation of intermediate products 
during sulfide oxidation. These intermediate products were only fully oxidized to sulfate after 
complete depletion of sulfide. The microbial communities of the corrosion product prior to 
and after incubation in the solution were in high similarity, suggesting that the sulfide 
oxidizing activities detected in the solution could represent those in the corrosion layer. In 
addition, the sulfide oxidation activity strongly associated with the DO levels. Chemical 
oxidation of sulfide was found non-negligible, this was likely catalysed by metals existing in 
the corrosion layer.  
 
A strategy to reduce biological oxidation of sulfide through treating the corrosion biofilm 
with free nitrous acid (FNA, i.e. HNO2) was developed. The SUR of coupons sprayed by 
nitrite were reduced by 84% - 92% 15 days after the spray. The little recovery of the SUR 
during the experimental period indicates the long-term (up to 12 months) effectiveness of the 
spray in controlling the corrosion activity. The bactericidal effect of FNA on the 
microorganisms in the biofilms were demonstrated by the decrease of viable cells from a 
coupon by > 80% 39 h after the nitrite spray and the severe decrease of the biological activity 
(ATP level and ratio of viable bacterial cells) of a corrosion layer within a suspended solution 
after the treatment.  
 
The potential of mitigating sewer corrosion by surface washing was investigated 
systematically. Washing interrupted the corrosion activity of coupons by increasing the 
III 
surface pH and decreasing the SUR. The SUR recovered to pre-washing level within 60-140 
days. The slowest recovery rate was from the most severely corroded coupon. However, no 
significant difference was observed for concrete loss of the washed and unwashed coupons 
after 54 months. The results suggest that frequent washing at short intervals of a few months 
might be needed to control corrosion over a long term. 
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the reactor through injecting known amounts of Na2S to the bottle of HCl solution and 
connecting the gas phase from this bottle to the reactor to enable the transfer of the generated 
H2S gas into the reactor. 
Figure 4-4 Schematic diagram of the experimental setup for the tests on suspension solution 
of corrosion scrapings. 
Figure 5-1 Temporal profiles of gaseous H2S concentrations (A) and the corresponding H2S 
uptake rates (B) measured in the reactor filled with (i) Nitrogen at about 30% relative 
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humidity, (ii) dry air at about 75% relative humidity, and (iii) moist air at 100% relative 
humidity. The surface area of the pre-corroded coupon was used in graph B to determine the 
surface-specific uptake rates. 
Figure 5-2 The temporal profiles of H2S concentrations at 25 ᵒC (A) and the corresponding 
surface-specific H2S uptake rates (B) of a pre-corroded coupon after exposure for 33 months 
to 50 ppm H2S at 30˚C and 100% relative humidity. The last peak in A is the measurement of 
the background uptake rate without concrete coupons and the corresponding rate has been 
subtracted from the measured uptake rates with coupons to determine the net uptake rates 
shown in B. The comparison between the measured (open/closed circles) and the exponential 
function fitted (solid/dashed lines) surface-specific H2S uptake rates of this coupon after 
exposure for 32 months (open circles and solid line) and 33 months (close circles and dashed 
line) is shown in C. The measured (open circles) and simulated (solid line) surface-specific 
H2S uptake rates at 25 ᵒC for a fresh coupon after being exposed for 32 months to 50 ppm 
H2S, at 30˚C and 100% relative humidity is shown in D. 
Figure 6-1 The schematic diagram of the system used to measure the H2S uptake by concrete 
coupons. 
Figure 6-2 – The temporal H2S uptake profiles of a coupon (exposure history: 15 ppm H2S, 
22-25 °C, 100% relative humidity for 53 months) and the corresponding SUR at the historical 
exposure level (i.e. 15 ppm) and peak levels (i.e. 130 ppm) of H2S are shown in Figure A and 
the relative SUR and average SUR at various stages shown in Figure B. Different 
experimental stages (1 to 4) are listed above the plotted data in Figures A and B and the error 
bars in Figure B represent standard deviations. 
Figure 6-3 The H2S uptake profiles of the coupon (exposure history: 15 ppm H2S, 22-25 °C, 
100% relative humidity for 54 months), the corresponding SUR at its baseline H2S level (i.e. 
15 ppm) and high H2S levels (i.e. 130 ppm) are shown Figure A and the relative SUR and the 
average relative SUR at each stage is shown in Figure B. Different experimental stages (1 to 
4) are listed above the plotted data in Figures A and B and the error bars in Figure B 
represent standard deviations. 
Figure 6-4 The H2S uptake profiles of a coupon (previously exposed to 15 ppm, 100% 
relative humidity and 22-25°C for 42 months) in a H2S uptake test with various high loads of 
H2S and the corresponding relative SUR at 15, 70, 120 and 170 ppm were shown in Figure A. 
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The H2S uptake profiles of the same coupon in the other test and the corresponding relative 
SUR was shown in Figure B. The corresponding relative SUR in Figure A and B against H2S 
concentration is shown in Figure C. Different stages of the experiment are listed (1 to 4) 
above the plotted data on Figure A and B and the linear regression of relative SUR at each 
stage shown in Figure A and B was also described by the equation aside. The error bars in 
Figure C represent standard deviations.   
Figure 6-5 The α values (dot) of coupons previously exposed to 5, 15 and 50 ppm of H2S in 
corrosion chamber for 39 months were plotted against the high level of H2S in each uptake 
test. Each line shows the linear regression based on the α values of each coupon and was also 
described by the equation aside.  
Figure S6-1 Gaseous H2S concentrations monitored in a manhole at Melbourne’s Western 
Trunk Sewer from 5
th
 April 2011 to 11
th
 April 2011 and at Queensland’s Sunshine Coast 
region from 25
th
 June 2014 to 1
st
 July 2014 is shown in Figure A and B respectively.  
Figure S6-2 The temporal H2S uptake profiles of a coupon (exposure history: 15 ppm H2S, 
22-25 °C, 100% relative humidity for 53 months) and the corresponding relative SUR in a 
control experiment over 3 h. 
Figure S6-3 The relative SUR of a coupon previously exposed to 15 ppm for 38 months at 
various H2S levels against H2S concentrations in two independent tests (shown as test 1 and 
2). Test 1 has a rapid initial increase of H2S concentration whereas test 2 has a gradual 
increase of H2S concentration. 
Figure 7-1(A) The H2S uptake profiles (solid line) and the corresponding SUR (triangles) are 
shown of a coupon previously exposed to 50 ppm H2S, 100% relative humidity and 22 – 
25 °C for 28 months. The numbers above the figure represent the stages of the test (see 
explanation in text). (B) The box-plots of the normalized SUR as the percentage of the SUR 
at each stage relative to the baseline SUR (dashed line) and the average of the normalized 
SUR at each stage (red diamond). 
Figure 7-2 (A) The H2S uptake profiles (solid line) and the corresponding SUR (triangles) 
are shown of a coupon previously exposed to 50 ppm H2S, 100% relative humidity and 22 – 
25 °C for 28 months. The numbers above the Figure represent the stages with deprivation of 
H2S only or stages with deprivation of both H2S and O2. These stages are also labelled ‘Air’ 
and ‘N2’, respectively. (B) The box-plots of the normalized SUR values at each stage relative 
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to the baseline SUR (dotted line) and the average of the normalized SUR at each stage (red 
diamond) are shown.  
Figure 8-1 The surface of the embedded concrete coupon after exposure to sewer conditions 
of 15 ppm H2S gas, at 22 – 25 ᵒC for 41 months in the corrosion chamber. 
Figure 8-2 Sulfide and oxygen uptake profiles in tests performed on day 3 (1
st
 addition), 6, 
13, 15, and 20 are shown in panels A, C, E, G and I respectively and the corresponding 
sulfide and oxygen uptake rates are shown in panels B, D, F, H and J respectively. The rates 
in B, D, F, H and J were calculated based on the linear regression of data from panels A, C, E, 
G and J over 2 mins, respectively. 
Figure 8-3 The SUR measured in repeated tests on the reactor corrosion layer solution over 
22 days (A), and the relative abundance (%) of microbial types detected in the corrosion layer 
and the reactor solution (at 7 days incubation) (B). Only genera with an average abundance 
of >0.5% in at least one sample are shown. 
Figure 8-4 H2S and and DO uptake profiles at various DO levels (A) and the corresponding 
H2S uptake rates (B) measured in the suspended solution of corrosion layer after 20 days of 
incubation. Insets in Figure A and B show enlarged DO and time scales for the final injection 
of sodium sulfide. 
Figure 8-5 The H2S uptake profiles by the reactor solution before autoclaving (after 22 days 
of incubation), after being autoclaved (Autoclaved 1 - 3), after removal of particles by 
centrifugation (Centrifuged 1 - 3) and by filtration (Filtered), and of the autoclaved nutrient 
solution free of corrosion product (A). The elemental concentrations of soluble elements in 
the reactor solution after autoclaving, centrifugation and filtration are shown in Figure B. 
Figure 8-6 The gaseous H2S uptake rate (SUR) by intact concrete coupon and the liquid SUR 
by the suspended solution of corrosion product on day 4 (2
nd
 sodium sulfide addition) against 
H2S concentration. 
Figure 9-1 The H2S uptake rates of two experimental concrete coupons, coupon No. 1 with 
nitrite spray on day 0 and coupon No. 2 with nitrite spray on day 176, and three control 
coupons without nitrite spray. The SUR of Control shown in the figure prior to day 0 was 
averaged from the SUR of 3 control coupons and coupon No. 1.  
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Figure 9-2 Confocal laser scanning microscope images of the Live/Dead (green/red) stained 
microbial cells from corrosion layer prior to (A) and 39 h after (B) FNA treatment.  
Figure 9-3 Levels of SUR, ATP and the ratio of viable bacteria measured on reactor 
solutions containing the suspended corrosion biofilm scraped from a coupon after 40 months 
of exposure prior to and after FNA treatment (by dosing of sodium nitrite solution). The ratio 
of viable bacteria was not determined after 700 h of FNA treatment as cells could not be 
extracted from the reactor solution. 
Figure S9-1 H2S uptake profiles of the concrete coupon No. 2 prior to (A) and 15 days after 
FNA treatment (B). The corresponding measured and simulated SUR prior to and 15 days 
after FNA treatment is plotted against H2S concentrations (C).  
Figure 10-1 Photos of a 5ppm (A&C) and a 50 ppm (B&D) H2S exposed concrete coupon set 
before and after the high pressure washing. Each coupon set consists of a fresh (the left side) 
and a pre-corroded (the right side) concrete coupon. 
Figure 10-2 Surface pH of coupon F5, P5, F50 and P50 (F and P indicate fresh and pre-
corroded coupon, respectively, 5 and 50 indicate the exposure H2S concentration (ppm)) 
before the high-pressure washing and immediately after that. Each error bar represents the 
standard deviation of four measurements on each concrete coupon surface. 
Figure 10-3 Recovery ratio (SURb and SURr indicate the SUR of coupon prior to and after 
washing, respectively) of the coupon F5, P5, F50 and P50 (F and P indicate fresh and pre-
corroded coupon, respectively, 5 and 50 indicate the H2S concentration (ppm) in exposure 
chamber) after the high pressure washing is shown in Figure A and the full SUR recovery 
time of the four concrete coupons after washing is shown in Figure B. 
Figure 10-4 Concrete loss from the fresh (A) and pre-corroded coupons (B) exposed to H2S 
at 10 ppm and 25 ppm for 54 months and the corresponding surface pH of the fresh (C) and 
pre-corroded (D) coupons after 54 months of exposure. Coupons numbered 1 to 6 were 
subjected to one high-pressure washing event during the exposure period, this occurring after 
6, 12, 18, 24, 34, and 44 months exposure respectively. Coupons numbered 7 received no 
washing during the exposure period. Average concrete losses were calculated from the those 
measured on coupons 1 to 6. Each error bar represents the standard deviation of four pH 
measurements on each coupon surface. 
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Figure S10-1 Photos of concrete coupons with exposure to 10 ppm of H2S for 54 months 
prior to and after the high pressure washing were shown on the left (A, C, E, G, I, K and M) 
and right (B, D, F, H, J and N) side respectively. Coupons shown in Figure A, C, E, G, I and 
K were numbered 1 to 6 and were subjected to a high-pressure washing event during the 
exposure period in the chambers, this occurring after 6, 12, 18, 24, 34 and 44 months 
exposure respectively. Coupon shown in Figure M received no wash during the exposure 
period. 
Figure S10-2 Photos of concrete coupons with exposure to 25 ppm of H2S for 54 months 
prior to and after the high pressure washing were shown on the left and right side respectively. 
Coupons shown in Figure A, C, E, G, I and K were subjected to the washing event during the 
exposure period in the chambers, this occurring after washed for the first time after exposure 
for 6, 12, 18, 24, 34 and 44 months exposure respectively. Coupon shown in Figure M 
received no washing during the exposure period.  
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Glossary and Abbreviations 
Acid neutralisation capacity                                          ANC 
Autoclaved nutrient solution                                        ANS 
Autoclaved reactor solution                                           ARS 
Acidiphilic sulfide oxidizing bacterial                           ASOB 
Adenosine triphosphate                                                  ATP 
Calcium hydrosilicate                                                     CSH 
Dissolved Oxygen                                                           DO 
Free nitrous acid                                                              FNA 
and Flow Injection Analyzer  FIA 
Hydraulic retention time                                                 HRT 
Ion Chromatography  IC 
Inductively Coupled Plasma-Optical Emission Spectrometry  ICP-OES 
Microbially induced concrete corrosion                         MICC 
Neutraphilic sulfide oxidizing bacteria                           NSOB 
Oxidation reduction potential                                        ORP 
Programmable logic controller                                        PLC 
Relative humidity                                                            RH 
Supplementary information                                                                                           SI
Sulfide oxidizing bacteria                                                SOB 
Sulfide reducing bacteria                                                 SRB 
H2S (sulfide) uptake rate   SUR 
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Chapter 1 introduction  
1.1 Background  
Urban sewer networks collect sanitary sewage from individual properties and convey it to 
centralized wastewater treatment plants for treatment prior to environmental discharge into 
receiving water bodies. In the urban society, sewers prevent our exposure to unhygienic 
sewage and drastically lower the incidence of sewage-borne disease, which has enabled the 
development of ever larger and more densely populated cities (Pikaar et al., 2014). With the 
process of increased urbanisation, increased sewer pipe installation occurs all over the world. 
For example, about 1,200,000 km of sewer mains have been installed since World War II in 
the United States (US Environmental Protection Agency 2010) and many sewer mains were 
installed since 1980-1990 in China (Chen et al., 2003).  
Sewer networks can be considered as a reactor for wastewater transformations as substances 
with chemical and biological reactivity can be degraded in sewers, with other compounds 
formed in the process as well. Some of these products, such as hydrogen sulfide and volatile 
organic sulfur compounds, are malodorous and harmful for human health. Furthermore, 
hydrogen sulfide plays an important role in concrete corrosion, which severely compromises 
the integrity of concrete sewer pipes and other structures (pump wells and manholes etc.) and 
can shorten their service life expectancy by more than 50% (Monteiro and Kurtis 2003). In 
addition, sewer corrosion causes health and safety concerns, e.g. damage of roads and 
pavements during and after a catastrophic pipe failure and potential exposure of the public to 
pathogens present in sewage. 
Sulfide induced concrete corrosion in sewer networks has been recognised worldwide for 
decades (US Environmental Protection Agency 1991). The rehabilitation or replacement of 
damaged pipes requires significant expenditure worldwide. In the United States, it is 
estimated that the national sewer rehabilitation costs in 2009 alone was around $3.2 billion 
and the total capital investment for repair of the sewer and stormwater systems is estimated to 
be $298 billion in the next twenty years (US Environmental Protection Agency 2010). Hence 
understanding details of sulfide induced sewer concrete corrosion and protecting sewers from 
deterioration has a major beneficial impact globally through increased service life and 
reduced repair/replacement costs.  
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Many existing methods to monitor the sewer corrosion activity are either very slow, 
expensive or destructive measurements. Therefore, it is important to develop a rapid and non-
invasive methodology to readily monitor the corrosion activity. An important factor driving 
the corrosion process is the gaseous H2S concentration in the sewer atmosphere (Jiang et al., 
2014a; Joseph et al., 2012). The gaseous H2S concentrations fluctuate hugely due to the 
periodical pumping events and the temporal variation of sulfide concentrations in sewage. 
However, many previous studies and models for corrosion rate prediction were based on that 
H2S concentration was constant in sewer atmosphere. The real dynamic H2S concentration 
and fluctuation could lead to uncertainty to the corrosion activity determined using an 
average and steady H2S concentration. Therefore, details of the effect of the temporal 
variation of gaseous H2S levels on the H2S uptake activity of concrete needs to be 
investigated. 
Upon the H2S uptake by concrete surface, sulfide is oxidized to other sulfur species, e.g. 
elemental sulfur, thiosulfate and sulfate. It is largely unkown relating to the sulfide oxidizing 
pathways within the corrosion layer. Some studies investigated sulfide oxidation of 
suspended solution of corrosion product previously exposed to H2S levels up to 1000 ppmv 
which is much higher than those in real sewers (Hvitved-Jacobsen et al., 2009; Jensen et al., 
2009; Wells and Melchers 2014). Due to that the gaseous H2S concentrations could affect the 
dominant microbial communities in corrosion layer and hence the sulfide oxidizing activity, 
it is unkown whether the results from those studies could represent those in real sewers. 
Therefore, it is important to determine the sulfide oxidizing activity of concrete exposed to 
H2S levels similar to that of real sewers.   
Control strategies need to be implemented to eliminate the corrosion rate. Many chemical 
dosing technologies have been developed to control sulfide production/emission in sewer 
systems (Ganigue et al., 2011). In addition, many physical and chemical strategies have been 
applied to prevent the concrete surface from sulfide attack (Berndt 2011; De Muynck et al., 
2009; Mansfeld et al., 1991). However, many of the existing methods are either ineffective, 
costly or non-environmentally friendly. Therefore, improved technologies are still currently 
required for mitigating concrete corrosion.  
To fill in these knowledge and technology gaps, this thesis aims at: 
 Developing a rapid and non-invasive methodology to estimate corrosion activity from 
real time measurements. 
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 Investigating the effects of H2S fluctuations on sulfide-induced corrosion process. 
 Understanding the sulfide oxidation process during corrosion. 
 Developing a novel corrosion control strategy and evaluating the effectiveness of a 
traditional corrosion control strategy.   
1.2 Organization of the thesis 
This thesis is organized into eleven chapters. Chapter 1 gives a general introduction of the 
background and the organization of the thesis. Chapter 2 presents a detailed and critical 
literature review of the topic, based on which the overall research aims of this thesis are 
identified. Particularly, the current knowledge of corrosion measurement, H2S uptake by the 
concrete surface and methods for corrosion control are thoroughly reviewed. Chapter 3 
highlights the specific knowledge gaps and identifies the key research objectives. Chapter 4 
describes the methods and materials used in this research work. Chapters 5 to 10 present the 
research outcomes of the research objectives. Specifically, chapter 5 presents a rapid and 
non-invasive methodology to monitor activity of sulfide-induced concrete corrosion based on 
the measurement of the H2S uptake rate of concrete; chapter 6 shows the effects of  gaseous 
H2S high load events on H2S uptake by sewer concrete; chapter 7 presents the effect of 
periodic deprivation of gaseous H2S on the H2S uptake by sewer concrete; chapter 8 is related 
to the understanding of sulfide oxidation processes involved in concrete sewer corrosion; 
chapter 9 presents a novel and simple technology for corrosion control using free nitrous acid 
and chapter 10 shows the effects of surface washing on the corrosion control. Chapter 11 
concludes the main achievements of the studies and gives recommendations for future 
research.  
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Chapter 2 Literature Review  
This chapter summarizes the findings from the literature that are highly related to the thesis 
topic. Section 2.1 reviews the sewer system, the chemical and biological processes in sewers, 
sulfide build-up therein and sewer concrete corrosion. Section 2.2 reviews the progression of 
sulfide induced concrete corrosion. This is followed by an introduction of environmental 
factors affecting corrosion (Section 2.3) and existing methods for corrosion measurement 
(Section 2.4). Section 2.5 reviews the process of sulfide uptake by the concrete surface, 
which is a key process in the induction of corrosion. Section 2.6 reviews the methods for 
corrosion control. More specific literature is reviewed in other chapters.  
2.1 Overview of sewer system 
The sewer system is the infrastructure that collects sewage and conveys it to wastewater 
treatment plants for pollutant treatment prior to environmental discharge into surface waters. 
It prevents our exposure to unhygienic and dangerous solutions and drastically lowers the 
incidence of sewage-borne diseases. Sewers consist of connections from houses, gravity 
drains, manholes, pumping stations, pressured pipes, storm overflows and screening 
chambers. The wastewater flowing into the sewer system includes both organic and inorganic 
compounds, which provide suitable conditions for the growth and activity of various 
microorganisms. In Australia, the United States and Europe, most of the home sanitation is 
connected to the sewer system. For example, 99% of the population in Netherlands, 96% in 
Germany and 86% in Belgium are connected to sewers. In the developing countries, such as 
China and India, the construction of sewer systems has been growing rapidly from the last 
decades.  
2.1.1 Development of sewer system  
Archaeological evidence indicates that sewer systems existed in ancient Greece, Egypt, India 
and China since about 1000 AD (Angelakis et al., 2005; Burian and Edwards 2002; De Feo et 
al., 2014). These sewer systems were designed for the purpose of disposal of surface water, 
collection of stormwater for irrigation and discharge of sewage. The beginning of modern 
urban sewer systems was initiated in Europe during the 19
th
 century (Burian and Edwards 
2002). One critical turning point in urban sewer system developments occurred in the middle 
of the 19
th
 century when the accumulated scientific evidence linked sanitary wastes to disease 
transmission. It promoted the construction of comprehensive sewer systems in large cities in 
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Europe and the United States. In the 20
th
 century, though the use of separate wastewater 
collection systems spread rapidly all over the world, especially in the developed countries, 
combined wastewater and stormwater collection systems are still dominant in many 
developed and developing countries (De Feo et al., 2014). Nowadays, well-planned and 
maintained sewer systems are considered as a critical infrastructure component of sustainable 
urban communities.  
2.1.2 Overview of chemical and biological processes in sewers 
Sewer systems can be considered reactors for biological, chemical and physicochemical 
processes. A sewer system encompasses five phases, i.e. the water phase including suspended 
particles, the biofilms attached to the submerged solid parts of the sewer, the sewer sediments, 
the sewer atmosphere and the sewer walls exposed to the sewer atmosphere (Hvitved-
Jacobsen et al., 2013). The chemical and biological processes take place within these phases 
and the mass transfer occurs between different phases.  
The wastewater in sewers, with typical pH range of 7.0 to 8.0, is rich in organic matters and 
other components. The processes for microbial transformation of organic substances largely 
depend on the ORP, i.e. the types and availability of electron acceptors and donors. In 
partially filled gravity pipes, aerobic microbial transformation of organic matter will occur 
due to the reaeration of sewage. In completely filled rising mains (pumped sections of the 
sewer system), anaerobic microbial induced transformation of sewage will occur when 
dissolved oxygen (DO) is absent.  
2.1.3 Sulfide build up in sewers 
The wastewater in sewers contains various sulfur compounds, e.g. sulfate and sulfur-
containing organic compounds such as proteins and amino acids. Hydrogen sulfide (H2S) is 
mainly produced through the anaerobic reduction of inorganic sulfur (e.g. sulfate) in biofilms 
located in sewer rising mains  (Hvitved-Jacobsen et al., 2013). In sewers, sulfate originates 
from either the water source or from the oxidation of sulfide, and its concentration varies 
from 20 to 200 mg-S L
-1
 (Zhang et al., 2008). The main electron donors for sulfate reduction 
are the readily biodegradable organics already present in sewage or being formed from the 
fermentation of carbohydrates, proteins and lipids, such as volatile fatty acids (Sharma et al., 
2008).  
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,  (2-1)  
The microorganisms that can use sulfate as a terminal electron acceptor during anaerobic 
respiration include four phyla of sulfate reducing bacteria (SRB) (i.e. Proteobacteria, 
Firmicutes, Thermodesulfobacteria, Nitrospira) and one phylum of sulfate reducing archaea. 
In addition, some species of SRB can reduce other sulfur compounds, such as thiosulfate, 
sulfite, tetrathionate and elemental sulfur (Kleinjan et al., 2003).  
In anaerobic conditions (especially in rising mains), the sulfide produced in submerged 
biofilms can diffuse to areas with lower sulfide concentration, for instance to the outer 
biofilm/sediments and the bulk sewage. In sewage, sulfide may exist as S
2-
 , HS
-
 or H2S 
depending on the pH and part of the sulfide may precipitate with metal ions. When sewage is 
pumped from the rising main into the partially filled gravity pipes, H2S can be released to the 
head space of the gravity pipes. Therefore, considerable levels of H2S can build up in sewer 
liquid and gas phase.  
2.1.4 Overview of sewer concrete corrosion 
The generation and emission of H2S from sewer systems is particularly prominent in 
countries with warm climates (Rootsey et al., 2012). There are some issues associated with 
sulfide production and emission from sewer systems. Gaseous H2S build up in the sewer 
atmosphere is hazardous to sewer maintenance personnel and it can enter the urban 
atmosphere during ventilation causing odor problems. Also importantly, in partially filled 
gravity pipes, sewer manholes and pumping stations, the metal and concrete surfaces exposed 
to the sewer atmosphere can take up gaseous H2S to induce corrosion and disintegration of 
these sewer structures (US Environmental Protection Agency 2009).  
Sewer concrete corrosion is a complex process involving chemical, physicochemical, 
electrochemical and biological processes (Figure 2-1). Concrete is a mixture of water, 
aggregate and cement. Steel reinforcing bars are usually added into this mixture to form 
reinforced concrete. The H2S taken up by the concrete surface can be oxidized to sulfuric acid. 
The produced sulfuric acid penetrates into the pores of concrete and reacts with alkaline 
compounds to form gypsum and ettringite, which are highly expansive minerals with little 
mechanical strength. This process leads to pH reduction, formation of loosely bound 
corrosion products and eventually structural damage of the concrete pipes (Figure 2-1).  
2
4 2 2 2SO OrganicC H H O CO H S
     
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Figure 2-1 Schematic diagram of sulfide induced corrosion in partially filled gravity pipes. 
 
Concrete sewer pipe corrosion was first reported in 1900 in Los Angeles sewers (Olmsted 
and Hamlin 1900). In this report, the corrosion reaction was regarded as a purely chemical 
process and sulfuric acid oxidized from sulfide was thought to be the corrosive agent. Later 
on, Parker (1945) successfully isolated five strains of sulfide oxidizing bacteria (SOB) and 
demonstrated the role of biogenic sulfuric acid production as a cause of sewer concrete 
corrosion. From then on, sewer corrosion caused by biogenic sulfuric acid has been reported 
in different cities.    
Typically, concrete structures in sewers are designed to perform for 50 to 100 years with 
minimal maintenance (Monteiro and Kurtis 2003). However, corrosion in sewer systems 
leads to severe structural deterioration and early failure, which could thus shorten the service 
life expectancy of sewer structures by more than 50% (Monteiro and Kurtis 2003). This 
requires significant expenditure for the subsequent rehabilitation or replacement of the 
damaged structures. For example, it is estimated that the US sewer rehabilitation costs in 
2009 were $3.3 billion and the investment required to restore or rehabilitate the US sewer 
infrastructure from 2000 to 2019 is between $240 to $420 billion (US Environmental 
Protection Agency 2010). In addition, corrosion in sewers may cause public health and safety 
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issues after a catastrophic structure failure such as damage to roads and pavements and 
exposure to disease causing microorganisms (pathogens).   
2.2 The progression of sewer concrete corrosion 
Sewer concrete corrosion is a relatively slow process and may take years or decades to occur 
(Jiang et al., 2014a; Joseph et al., 2012; Monteiro and Kurtis 2003). Therefore, it is difficult 
to find reports that cover the complete corrosion process in real sewer systems. Generally, the 
corrosion process is described in three main stages (Figure 2-2), which are discussed in the 
following sections.    
 
Figure 2-2 Theoretical changes for the properties of concrete during the corrosion process, 
adapted from (Roberts et al., 2002). *Note: NSOB (neutrophilic sulfide oxidation bacteria), 
ASOB (acidiphilic sulfide oxidation bacteria) 
 
2.2.1 Initial acidification of concrete (Stage 1, Figure 2-2) 
In partially filled gravity pipes with high humidity, both CO2 and H2S present in the 
atmosphere can dissolve into the liquid films of the concrete surface and the water filled 
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pores in concrete. The chemical reactions of CO2 and H2S with the concrete lower the surface 
pH of the concrete from ~13 to ~8. Little microbial activity occurs at this stage due to the 
high surface pH of concrete. 
It is generally accepted that carbonation of the concrete surface starts from the time of 
manufacturing of the concrete sewer pipe. There are two main reactions of carbonation 
(Yousuf et al., 1993) (Figure 2-3): 
,   (2-2)  
,                (2-3) 
The first reaction (i.e. Equation 2-2) converts calcium silicate hydrate (CSH) to calcium 
carbonate, water and highly polymerized silica. The second reaction (i.e. Equation 2-3) is 
expected to cause volume expansion as one mole calcium hydroxide is converted to one mole 
calcium carbonate which results in 11.8% increase of solid volume (Figure 2-3) (Moorehead 
1986). It is still unclear which of the two reactions dominates during the carbonation process, 
although both can decrease the surface pH. When exposed to high CO2 concentrations (e.g. 
5.0%), carbonation of concrete leads to increased production of calcium carbonate. This 
decreases the porosity and permeability of concrete, lowers the nutrient and acid penetration 
into the concrete and slows the corrosion process (García-González et al., 2008; Ismail et al., 
1993; Ngala and Page 1997). However, at low CO2 concentrations (e.g. 0.5%), which is near 
the CO2 levels of 1.0% detected in the headspace in real sewers, carbonation reduces the 
surface pH and stimulates the microbially induced concrete corrosion (MICC) (Ismail et al., 
1993; Joseph et al., 2012).  
2 2 2 3 2CaO SiO 2H O CO CaCO silica H O     
2 2 3 2Ca(OH) CO CaCO H O  
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Figure 2-3 Surface reactions during initial acidification of concrete in sewer systems, 
adapted from (Joseph et al., 2012). Lines 1-5 indicate the pH above which sulfate formation 
is unlikely.  
 
The further reduction of surface pH from about 10 to 8 is mainly caused by the dissolution of 
H2S (Joseph et al., 2012) (Figure 2-3): 
,           (2-4) 
A higher gaseous H2S concentration is associated with a higher rate of acidification (Joseph 
et al., 2012).  
In addition, at such high pH levels, the H2S transferred onto the concrete surface could be 
chemically oxidized to various sulfur species, such as elemental sulfur, polysulfide, 
thiosulfate and sulfate (Cline and Richards 1969). According to Henry’s law, at a specified 
gaseous H2S level and concrete surface pH, the equilibrium levels of dissolved sulfide in the 
liquid film on the concrete surface cannot be fully oxidized to sulfate due to the limited DO 
levels (Figure 2-3). This was demonstrated in laboratory studies showing that elemental 
sulfur was the dominant oxidation product (i.e. >90%) and sulfate was only produced at low 
levels (<10%) at this stage (Joseph et al., 2012). The oxidation of sulfide to elemental sulfur 
3 2 3 2 22CaCO 2H S Ca(HCO ) Ca(HS)  
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may occur according to the following equations (Figure 2-3) (Bagreev and Bandosz 2005; 
Joseph et al., 2012): 
,           (2-5)  
,                       (2-6) 
In addition, the produced sulfate, although at relatively low levels, can result in the formation 
of gypsum ( ) (Figure 2-3) (Joseph et al., 2012): 
,           (2-7)  
,           (2-8) 
The biological activity is very limited at such high pH levels. Though some studies found 
fungus may contribute to the initial stage of pH reduction through production of various acids, 
such as acetic acids, oxalic acids and glucuronic acids (Gu et al., 1998; Mori et al., 1992). 
Potentially, fungi could even cause serious damage as fungi hyphae can penetrate into the 
concrete (Gu et al., 1998).  
In conclusion, the initial acidification is mainly the result of chemical reactions. The duration 
of this stage varies from a few months to years, which is largely dependent on the 
concentration of CO2 and H2S and other environmental factors in sewers, such as relative 
humidity and temperature (Jiang et al., 2015; Monteny et al., 2000; Wells and Melchers 
2014). 
2.2.2 Biomass colonization and further pH reduction (Stage 2, Figure 2-2) 
With the decrease of surface pH to about 8, the concrete surface is suitable for the growth of 
SOB (Islander et al., 1991). This accelerates the reduction of surface pH through the 
production of various sulfur compounds. As a gradual decrease of surface pH occurs, 
microorganisms colonise the concrete and the composition of the microbial communities will 
change. This may largely depend on pH and substrate suitable for the different types of 
colonizing microbes (Table 2-1). Based on culture based studies and molecular analysis 
performed from sewer samples, the microbial succession and chemical reactions of Stage 2 
are discussed.  
2 2 2 2Ca(OH) 2H S Ca(HS) 2H O  
2 2 2Ca(HS) O 2S Ca(OH)  
4 2CaSO 2H O
3 2 2 4 4 2 3Ca(HCO ) H SO CaSO 2H CO  
2 2 4 4 2Ca(HS) H SO CaSO 2H S  
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Table 2-1 Physiological characteristics of some sulfur oxidising bacteria in concrete 
corrosion layers 
Species 
Range of pH for 
growth 
Sulfur 
substrate 
Products 
Thiobacillus thioparus 6-10 
H2S, S
0
, 
S2O3
2-
 
S
0
, Polythionic 
acids 
Halothiobacillus neapolitanus 
(formerly Thiobacillus neapolitanus) 
6-8 S
0
, S2O3
2-
 
Polythionic 
acids, SO4
2-
 
Starkeya novella (formerly 
Thiobacillus novellus) 
6-8 S2O3
2-
 S
0
 
Thiobacillus plumbophilus 4-6.5 H2S - 
Thiomonas spp.(formerly Thiobacillus 
intermedius) 
3-9 H2S, S2O3
2-
 SO4
2-
 
Sulfobacillus spp. 1-3 H2S, S2O3
2-
 - 
Acidiphilium spp. (formerly 
Thiobacillus acidophilus) 
3-10 H2S, S
0
, SO4
2-
 
Thermothiobacillus 
Poorly 
characterized 
H2S, S2O3
2-
, 
SnO6
2-
 
SO4
2-
 
Metallibacterium spp. Poorly characterized 
Burkholderiales spp. Poorly characterized 
Sphingobacteriales spp. Poorly characterized 
Xanthomonadales spp. No cultured representative 
Starkeya intermedius  5-7 S2O3
2-
 
Polythionic 
acids, SO4
2-
 
Acidithiobacillus thiooxidans  < 3 H2S, S
0
, S
0
, S2O3
2-
 , 
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(formerly Thiobacillus thiooxidans) S2O3
2-
 S2O4
2-
, SO4
2-
 
Acidithiobacillus ferrooxidans 
(formerly Thiobacillus ferrooxidans) 
About 3 H2S S
0
, SO4
2-
 
Thiobacillus acidophilus about 3 H2S S
0
, SO4
2-
 
 
Based on culturing bacteria from corrosion samples this suggests that SOB important for 
sewer corrosion include Thiobacillus thioparus, Thiobacillus plumbophilus, Starkeya novella, 
Halothiobacillus neapolitanus, Thiomonas intermedius (formerly Thiobacillus intermedius), 
Acidithiobacillus thiooxidans (formerly Thiobacillus thiooxidans), Thiomonas perometabolis 
(formerly Thiobacillus perometabolis), Paracoccus versutus (formerly Thiobacillus versutus) 
and Acidiphilium acidohilum (Table 2-1). Most of the SOB are known as “colorless sulfur 
bacteria” (non-phototrophic bacteria), such as those of the genera Acidithiobacillus, 
Halothiobacillus, Thiothrix, Thiomicrosira and Beggiatoa, most of which obtain energy for 
growth from oxidation of sulfur compounds. Additionally, some heterotrophic bacteria can 
also oxidize sulfur species, for example, Pseudomonas, Streptomyces, Arthrobacter, Bacillus, 
Flavobacter and Micromonas. For these genera, the physiological role of sulfur oxidation is 
not clear (Nica et al., 2000). 
Culture based studies are useful to obtain and study cultures to understand what the 
microorganisms may be doing in an environment. However, they are not useful for 
determining the ecology of samples. It is well known that culture based techniques are 
inadequate at isolating most microorganisms from environmental samples (Cayford et al., 
2012). Recently, molecular based analyses have been used, such as sequencing and 
comparison of 16S rRNA genes, to detect and identify microorganisms within environmental 
samples (Cayford et al., 2012; Gomez-Alvarez et al., 2012; Ling et al., 2014; Okabe et al., 
2007; Pagaling et al., 2014). It is evident that higher microbial diversity in the corrosion 
biofilms is demonstrated by molecular analysis than by culture based studies.  
Specifically, at this early stage of MICC mild corrosion occurs. There is likely relatively high 
diversity of SOB in the corrosion layer, although there are limited studies of microbial 
activity at this stage. At a surface pH of about 8, neutrophilc sulfide oxidizing bacteria 
(NSOB) will colonize and can utilize sulfide and thiosulfate as the main substrate (Islander et 
al., 1991). For example, Thiobacilus thioparus can oxidize sulfide to elemental sulfur and 
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oxidize thiosulfate to tetrathionate and then to polythionic acid (Table 2-1) (Yousefi et al., 
2014). At lower pH, the facultative heterotrophs, such as Thiomonas intermedius and 
Starkeya novella could be detected (George 2012; Herisson et al., 2012). When the pH 
decreases to 6.5 other NSOB may colonize. For example, Halothiobacillus neapolitanus 
could be detected and they can use thiosulfate and sulfur as substrate (Valdebenito-Rolack et 
al., 2011). They can resist high concentration of inorganic salts which are produced by the 
initial corrosion process and can grow within pH ranges from 6.5 to 4.5. Besides, other 
groups, such as Sulfobacillus and Thermothiobacillus, have also been detected at this stage 
(Ling et al., 2014).  
When the pH decreases to 4-5, the activity of NSOB is gradually inhibited due to the low pH, 
which is then more suitable for acidiphilic sulfide oxidizing bacteria (ASOB). Less diversity 
of SOB may occur. Conventionally (based on culture study), the widely reported dominant 
ASOB are Acidithiobacillus thiooxidans and Acidithiobacillus ferrooxidans (Davis et al., 
1998; Harrison 1984; Islander et al., 1991; Nica et al., 2000; Parker 1947). However, from a 
high-throughput amplicon sequencing study, Acidithiobacillus spp. was detected at less than 
3% relative abundance while Acidiphilium, Mycobacterium, Burkholderiales and 
Xanthomonadales spp. were found to be the dominant populations in corrosion samples 
collected from sewers in Australia (Cayford et al., 2012). In addition, metagenomic analysis 
for biofilm samples from the crown of a corroded concrete sewer pipe showed that the 
dominant members were from a diverse range of aerobic and facultative anaerobic bacteria 
that included Acidiphilium, Xanthomona, Bradyrhizobium, and even photosynthetic 
organisms of the Cyanobacteria (Gomez-Alvarez et al., 2012). Additionally, anaerobic 
microorganisms such as methanogenic archaea and sulfate reducing bacteria are also detected 
in another molecular survey (Santo Domingo et al., 2011). 
2.2.3 Concrete corrosion and mass loss (Stage 3, Figure 2-2) 
As a result of NSOB colonization, concrete surface pH continuously decreases to about 4. 
Consequently, ASOB colonise and become the dominant microbe on the concrete surface, 
and the formation of large amounts of biogenic sulfuric acid occurs. The sulfuric acid can 
directly attack the concrete. Stage 3 is most detrimental among all the stages. 
First sulfuric acid reacts with the CSH and calcium carbonate to form anhydrous gypsum and 
an incoherent mass of hydrated silicate (Equation 2-10). It also attacks the calcium hydroxide 
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to form gypsum (Equation 2-11) (Girardi and Maggio 2011; Monteny et al., 2000; Ramsamy 
2006; Wells et al., 2009). 
,           (2-9)  
,     (2-10)  
,         (2-11)  
Gypsum prefers to form at low pH (usually lower than 3), hence it usually present at the 
surface of the corrosion layer (Figure 2-4) (Mori et al., 1992). Whether gypsum formation 
causes volume expansion is still controversial. Some records show that it causes volume 
increases of about 120%-220%, whereas others argue that it causes no expansion (Monteny et 
al., 2000; Tian and Cohen 2000). The gypsum has the consistency of ‘cottage cheese’ and 
provides no structural support to the concrete pipe (Davis et al., 1998).  
 
Figure 2-4 Compositional layers occurring during sulfide induced concrete corrosion of a 
sewer. 
 
As the gypsum production increases as more acid is produced, the gypsum reacts within the 
corrosion layer with calcium aluminate hydrate to form ettringite (Figure 2-4) (Monteny et al., 
2000):  
2 3 2 4 2 2 2 3 4 23CaO Al O 12H O 3(CaSO 2H O) 14H O 3CaO Al O 3CaSO 32H O         ,   (2-12) 
3 2 4 4 2 3CaCO 2H SO CaSO H CO  
2 2 2 4 4 4 2CaO SiO 2H O(i.e.CSH) H SO CaSO Si(OH) H O     
2 2 4 4 2Ca(OH) H SO CaSO 2H O(i.e.gypsum)  
 
Atmosphere 
Intact concrete 
 
 Gypsum 
Ettringite 
Micro-crack due to 
iron precipitation 
 
Low pH 
 
High pH 
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The ettringite crystals form in pore solutions of high alkalinity in deeper sections near the un-
corroded concrete (Davis et al., 1998). It causes large volume expansion (i.e. 227%-700%) 
and pitting, which provides more surface area for acid attack and is more detrimental than 
gypsum formation (Min and Mingshu 1994; Monteny et al., 2000). Ettringite provides little 
or no structural support for the concrete pipe. If the pH decreases, ettringite fails to maintain 
stability (Allahverdi and Skvara 2000) and is finally converted to gypsum (Mori et al., 1992).  
Though the major corrosion products of sewer concrete are gypsum and ettringite, these may 
not be correlated with the development of cracks in the corroding front of concrete. Instead, 
the dissolution of iron salt in cement pores and then rust precipitation at the corrosion front is 
reported to cause micro-cracking at the corroding front (Figure 2-4) (Jiang et al., 2014b). 
However, the corrosion induced by micro-cracking is poorly understood. In addition, whether 
ettringite or gypsum is the main corrosion product depends on the sulfate concentration and 
pH.  
2.3 Environmental factors affecting corrosion 
In real sewer systems, it is not unusual to see corrosion rates occuring at several millimetres 
per year, although it differs greatly in different sewer systems due to the different 
environments. To facilitate the model describing corrosion processes and thus prediction of 
corrosion rate and remaining service expectancy of sewer pipes and planning for sewer 
maintenance and rehabilitation, it is important to understand and identify the relationship 
between the environmental factors and the concrete corrosion rate.  
The factors that may affect the corrosion activity are numerous and vary widely in nature 
(Davies et al., 2001). The main factors include: (1) the concentration of H2S in the gas phase, 
which is influenced by wastewater sulfide concentrations, pH, turbulence and temperature 
(Wiener et al., 2006; Yongsiri et al., 2004a; 2005; Yongsiri et al., 2004b); (2) the transfer of 
H2S from the gas phase to the sewer pipe determined by the concentration of gaseous H2S, 
temperature and relative humidity (RH) (Vollertsen et al., 2008; Wells et al., 2009); and (3) 
the rate of formation of corrosion product which is dependent on the sulfuric acid production 
rate and properties of the pipe material (Berndt 2011; Zivica and Bajza 2001). 
Therefore, it can be concluded that the key environmental factors affecting sewer concrete 
corrosion are gas-phase temperature, relative humidity and H2S levels, which are discussed in 
the following sections.  
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2.3.1 Temperature 
For a typical sewer system, the temperature in the sewer atmosphere is relatively constant in 
the short-term (i.e. days and weeks) but may have variations in different seasons. In addition, 
there are large differences in temperature in different cities in the world. For example, it is 
relatively constant at about 19-22 °C in Queensland, Australia, throughout the year. However, 
this fluctuates hugely between 3 °C and 20 °C in winter and summer respectively in Denmark 
and between 10 °C to 30 °C in Tokyo, Japan (Joseph et al., 2010; Mori et al., 1992; 
Vollertsen et al., 2008).   
For a given level of gaseous H2S in the sewer atmosphere, temperature may have an impact 
on the corrosion rates by affecting the chemical and biological oxidation of sulfide. Studies 
performed on inactivated wastewater showed that chemical sulfide oxidation rates increase 
with increasing temperature (Millero et al., 1987; Nielsen et al., 2004). In sewer biofilms, 
sulfide oxidation rates at 25 °C were found to be about 15% higher than those at 20 °C. The 
sulfide oxidizing activity of bacteria, such as Thiobacillus denitrificans, was inhibited when 
the temperature was below 15.6 °C (Sublette et al., 1998). In a previous study of concrete at 
an early stage of corrosion it was demonstrated that temperature affected changes of the 
surface pH (Joseph et al., 2012). During a 12-month period of exposure to 50 ppm H2S, the 
concrete surface pH was seen to decrease by 4.8, 3.5 and 1.8 units at 30 °C, 25 °C and 19 °C 
respectively. However, in that study, only small amounts of corrosion product were formed at 
this early stage, consequently making it difficult to determine the relationship between 
temperature and the corrosion rate. In contrast to that, for concrete at a more advanced 
corrosion stage, no clear effects of temperature on surface pH or concrete loss was observed 
(Jiang et al., 2014a).    
2.3.2 Relative humidity 
In the sewer, the gas phase relative humidity (RH) is determined by the temperature 
difference between the sewage and sewer atmosphere. For instance, high RH will occur when 
the sewage is warmer than sewer atmosphere. The RH fluctuates hugely in sewers. For 
example, the RH in Los Angeles County, King County in the United States and Sydney, 
Australia is found to be 96% - 100%, 60% - 80% and 90% - 94%, respectively (Ward et al., 
2011; Wells et al., 2012).  
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Sewer atmosphere RH could influence the corrosion activity by directly affecting the 
moisture content of the concrete surface. At high RH moisture will condensate on the pipe 
walls, as the walls usually have a lower temperature than that of the sewer atmosphere due to 
cooling from the surrounding soil. This condensation layer facilitates the microbial 
colonization on the concrete surface and also provides the essential medium for the chemical 
and biological sulfide oxidation reactions. It is reported that RH higher than 87% and 
moisture content of concrete higher than 4% is necessary for the bacteria to be active 
(Rootsey et al., 2012).  
Previous studies in laboratory and real sewer systems found that high RH (95%-100%) 
results in more prominent surface pH reduction of concrete during initial acidification in 
comparison to a lower RH (85%-95%) (Joseph et al., 2012; Wells et al., 2012). For concrete 
at later corrosion stages, high RH is also reported to lead to increased mass loss of concrete 
(Jiang et al., 2014a; Wells et al., 2012).  
2.3.3 H2S concentration  
Gaseous H2S concentrations in sewers differ temporally and spatially (Jiang et al., 2013; 
Wells and Melchers 2014). Average H2S concentrations are seen to vary between a few ppm 
up to several hundred ppm in most sewer systems (Table 2-2). This is important as H2S plays 
a key role in MICC. Previously, H2S flux at the sewer air-wall interface was widely used in 
models to estimate the sewer corrosion (Pomeroy 1990; US Environmental Protection 
Agency 1974).  
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Table 2-2 Concrete corrosion rates at the typical gas phase H2S concentrations in different 
sewer systems or laboratory setups.  
H2S 
level 
(ppm) 
Temperature 
(°C) 
Relative 
humidity 
(%) 
Average 
corrosion 
rate (mm 
year
-1
) 
Location References 
5-400 10-30 NA 4.3-4.7 
Side wall of pipe,  
Japan  
 
(Mori et al., 
1992) 
5-400 10-30 NA 1.4 Crown of pipe, Japan 
25-300 12-30 NA 7.6 Mortar specimens 
400 13-28 NA 3.8-6.1 Laboratory setup 
100 20 100 2.1-3.8 Laboratory setup 
(Ismail et al., 
1993) 
NA NA NA 10 Manhole (Boon 1995) 
250 28 NA 0.3-0.8 Laboratory setup 
(Vincke et al., 
2002) 
2-4 25 NA 10 
Laboratory setup 
(Aesoy et al., 
2002) 15-25 25 NA 14 
0-1000 3-20 NA 
3.1 
(estimated 
calculation) 
Laboratory setup 
(Vollertsen et 
al., 2008) 
10-50 NA NA 3-6.6 
Manhole in 
Hachinohe, Japan 
(Satoh et al., 
2009) 
2 ~22 90-94 1-2 
Sydney sewers, 
Australia 
 
(Wells et al., 
2012) ~20 ~20 NA ~5 Melbourne sewers 
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50-550 27-28 92-100 ~11 Perth sewers 
79 26 98 12 Perth, Australia 
(Wells and 
Melchers 
2014) 
5-50 17-30 90-100 0.7-1.2 Laboratory setup 
(Jiang et al., 
2014a) 
 
Corrosion of concrete sewer structures at different H2S levels is reported in many countries. 
Generally, in the presence of DO and high RH, the concrete corrosion can be triggered at low 
gaseous H2S levels (e.g. 2 ppm) (Aesoy et al., 2002; Fan et al., 2001). A severe corrosion rate 
of 10 mm per year was detected at low H2S levels (2-4 ppm) in controlled laboratory setups 
(Table 2-2) (Aesoy et al., 2002). In a gravity sewer near the Ohmuta wastewater treatment 
plant, Japan, the H2S levels fluctuate hugely between 25 ppm and 300 ppm and the highest 
corrosion rates were reported to be 4.3-4.7 mm year
-1
 near the concrete pipe sewage level 
(Table 2-2) (Mori et al., 1992).  
Although it has been pointed out for a long time that the level of gaseous H2S positively 
correlate with concrete corrosion rates, the relationship between H2S level and corrosion rate 
is still poorly understood (Apgar and Witherspoon 2007). Concrete corrosion is challenging 
to study due to its slow progression making it difficult to measure directly and to correlate 
relevant factors under realistic conditions. In fact, many laboratory studies related to concrete 
corrosion are conducted through accelerated experiments under conditions that are very 
different from those in reals sewers. In some lab experiments, in order to accelerate the 
corrosion rate, the concrete is exposed to elevated concentrations of gaseous H2S (up to 1000 
ppm) or high levels of sulfuric acid (De Belie et al., 2002; Vollertsen et al., 2008). This could 
result in a change in the nature of the corrosion as different concentrations of sulfate will 
attack the concrete using different mechanisms (Monteny et al., 2000). For example, low 
concentrations of SO4
2-
 (lower than 1000 mg SO4
2-
/L) mainly lead to the production of 
ettringite while high concentrations induce formation of gypsum (Monteny et al., 2000). The 
dominant microbial communities would also differ greatly when incubated under very 
different sulfide or sulfate concentrations.  
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It was not until recently that some laboratory studies were performed under controlled 
conditions simulating the sewer environment with the H2S levels representing those in real 
sewers. Those studies were performed in conjunction with field studies to identify the 
relationship between H2S level and corrosion rate (Joseph et al., 2010; Wells et al., 2012). 
The results from tests in real sewers (i.e. Sydney, Melbourne and Perth sewers) found that the 
relationship between corrosion rate and H2S can be expressed as (Wells et al., 2012): 
 ,                 (2-13) 
Where is the corrosion rate (mm year
-1
),  is a constant specific corrosion rate for a 
given sewer condition (mm year
-1
 ppm
-n
);  is gaseous level of H2S (ppm) and n is the 
model constant estimated from measured data. The values of n range between 0.5 and 1, 
depending on the initial corrosion condition of the concrete. The more severe the initial 
corrosion of the concrete, the smaller the value of n.  
A more detailed relationship was determined from results of laboratory studies (Jiang et al., 
2014a): 
,                     (2-14)  
Where n is the model constant estimated from the experimental data;  is a 
Brunauer-Emmett-Teller sorption isotherm and  represents the corrosion caused due to 
historical exposure prior to the experiment. The value of n was also found to be within the 
range of 0.5-1.0. In the laboratory studies H2S was found to play a more important role in 
MICC than RH and temperature (Jiang et al., 2014a).  
2.4 Corrosion measurement 
The corrosion of concrete is a non-linear process with respect to time (Figure 2-2). The non-
linearity presents a significant problem to model the corrosion activity accurately and thus 
requires more systematic and accurate understanding of the corrosion process. To achieve 
these goals, reliable methodologies to monitor the corrosion activity are needed and 
important.   
Currently, various approaches are used to monitor and analyse the corrosion processes in 
sewers. These can include determining the concrete surface pH, monitoring the corrosion 
n
r 0 2C C .[H S]
rC 0C
2[H S]
n
r 2 BET riC k.[H S] f (RH) C 
BETf (RH)
riC
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layer thickness, analysis of corrosion products and microbial characterization within the 
corrosion layer. The sections below introduce the current application and drawbacks of these 
methods 
2.4.1 Surface pH  
The progression of corrosion is accompanied with the gradual decrease of concrete surface 
pH. As described in section 2.2 (Figure 2-2), concrete during initial acidification, moderately 
corroded and heavily corroded conditions will have different ranges of surface pH. Therefore, 
monitoring the surface pH has been used to facilitate the understanding of the corrosion 
progress (Joseph et al., 2012).  
In reality, the surface pH decreasing profiles vary at different corrosion stages (Roberts et al., 
2002; Wells et al., 2009). Particularly, for heavily corroded concrete, the surface pH stops 
decreasing once it is lowered to about 2. Potentially, the surface pH remains relatively 
constant at this level due to the partial neutralisation of the biogenic acid by alkalinity 
released from the corroding concrete to some degree by wastewater spray (Islander et al., 
1991). In these conditions, the surface pH can no longer be an indicator of corrosion 
progression. Therefore, surface pH is an insensitive parameter in some corrosion conditions, 
particularly when the concrete is already heavily corroded.  
2.4.2 Mass loss 
Mass loss directly represents the actual loss of concrete due to corrosion. It can be easily 
converted to the corrosion rate. Therefore, it is a very useful measure utilized to inspect the 
corrosion condition and assess the remaining service life of sewer pipes. 
There are a few disadvantages in the use of mass loss as a measure of corrosion. Firstly, in 
laboratory and field studies, concrete loss measurement may take years of monitoring activity 
due to the slow corrosion process. Secondly, the measurement requires removing the surface 
corrosion product which definitely disturbs the ongoing corrosion process. This makes the 
continual monitoring of corrosion activity on a single concrete sample impossible. In reality, 
it is very difficult to determine the mass loss of a specific pipe section or area. The most 
commonly used techniques to measure corrosion is through either drilling holes (creating 
additional disturbances), or using pins embedded in wall, which can both give mainly depth 
of corrosion layer and thus only indirectly mass loss. In addition, the mass loss measurement 
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is only applicable for concrete under heavy corroding conditions. For concrete at the early 
acidification stage, little mass loss occurs so this is not a useful measure of corrosion activity.  
2.4.3 Analysis of corrosion products 
Since there is temporal and spatial dynamics of the corrosion products during the corrosion 
process, the identification and characterization of corrosion products (e.g. carbonate, gypsum, 
ettringite and iron minerals) can provide qualitative information of the corrosion activity. 
There are many methods for the analysis of the concrete corrosion products, e.g. the chemical 
analysis by X-ray fluorescence analysis, X-ray photoelectron spectroscopy, Fourier transform 
infrared spectrophotometry and mineral liberation analyzer and the image analysis by 
Scanning Electron Microscope (Eštokov et al., 2012; Fernandes et al., 2012; Jiang et al., 
2014b; Monteny et al., 2000). It should be noted that these analysis usually cannot provide 
quantitative information related to the corrosion activity. 
2.4.4 Microbial analysis 
Since the dominant microbial communities shift as the corrosion progresses (discussed in 
section 2.2.2), microbial analysis is considered a valuable methodology to investigate the 
corrosion activity.  
Some studies intended to establish a relationship between corrosion rates and quantitative 
microbial population analyses and therefore model the corrosion process (Roberts et al., 
2002). However, the results are quite limited and not detailed enough to successfully 
determine the correlation. Although, the overall general theory explaining MICC is well 
developed in literature, the understanding of how complex microbial communities relate to 
corrosion process is largely unknown. The recently employed advanced sequencing 
techniques reveal unexpected microbial groups are abundant in some situations. In addition, 
many microbiological investigations are restricted to heavily corroded concrete and to 
situations where the corrosion level is not known. Consequently, the early stage microbial 
populations are not well studied. Compared to surface pH and mass loss measurement, 
microbial analysis is arduous, time consuming, costly and cannot give any quantitative 
measurements (only qualitative stage of the corrosion process).   
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2.5 The process of H2S transfer from the sewer atmosphere to the concrete surface 
As discussed in section 2.3, gaseous H2S is likely the most critical environmental factor that 
affects the MICC. Consequently, it is important to understand the process of H2S uptake by 
the concrete surface.  
2.5.1 Overview of the process 
H2S uptake by concrete includes the transfer of gaseous H2S to the surface liquid layer, the 
dissolution, diffusion and oxidation of sulfide within liquid and corrosion layer, the 
penetration of sulfuric acid into the inner concrete and the acid attack through reacting with 
alkaline compounds from concrete (Figure 2-5). 
 
Figure 2-5 The conceptual model for the process of H2S transfer from the sewer atmosphere 
to the sewer concrete pipe surface.  
 
The transfer of gaseous H2S to the concrete surface is well understood in principle. In a 
previous study, gaseous H2S uptake by the wall of partially filled concrete pipes was 
measured when 1000 ppm of H2S gas was provided every 2 h (Vollertsen et al., 2008). From 
low H2S levels up to 1000 ppm, the process followed n-th order kinetics with the reaction 
order (n) ranging from 0.45 to 0.75 and the rate constant was 0.005 mg S m
-2
s
-1 
(ppm H2S)
-n
.   
However, details of the gaseous H2S uptake by concrete are largely unknown. For example, 
levels of H2S applied in experimental studies is often much higher than those of real sewers 
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(Table 2-2). Consequently, the microbial structure and thus the biological sulfide oxidizing 
activity may differ considerably from what may occur in real sewer conditions. In addition, 
the gaseous H2S profiles in real sewers often differ from those applied in laboratory setups. 
This limits the relevance of those studies, which is discussed further in section 2.5.3. The H2S 
uptake by concrete is a complicated process especially considering that both chemical and 
microbial sulfide oxidation are important in the transformations (see section 2.5.2). 
2.5.2 Sulfide oxidation 
Sulfide oxidation within the concrete corrosion layer is highly complicated. It includes both 
chemical and biological sulfide oxidation.  
The relevant importance of chemical and biological sulfide oxidation is sensitive to the 
reaction conditions. Generally, the rates of chemical oxidation are slower than biological 
oxidation at natural temperatures, low sulfide concentrations and low pH conditions (Chen 
and Morris 1972; Janssen et al., 1995). Therefore, chemical oxidation of sulfide is considered 
insignificant in heavily corroding concrete. It can occur at high rates at high pH (pH > 6) 
especially when sulfide levels are high (in the millimolar range) (Chen and Morris 1972). The 
oxidation products include various sulfur compounds, e.g. elemental sulfur, thiosulfate and 
sulfate.  
Sulfide can be oxidized in different pathways through the catalysis by different SOB. Low 
concentrations of sulfide, as typically found in many sewers, can be utilised by SOB such as 
A. thiooxidans to produce elemental sulfur or sulfate with thiosulfate, thrithionate and 
tetrathionate as intermediates (Buisman et al., 1990; London and Rittenberg 1964; Parker and 
Prisk 1953). High concentrations of sulfide are toxic to some SOB (Buisman et al., 1990). It 
is reported that the biogenic elemental sulfur from sulfide oxidation can be a substrate for 
many SOB and is easily oxidized. In contrast, the elemental sulfur produced from chemical 
oxidation of sulfide is hardly used by SOB (Hazeu et al., 1988; Islander et al., 1991; Kelly 
1982). This might be due to differences in sulfur particle sizes and surface properties 
(Kleinjan et al., 2003). Specifically, chemically produced sulfur is quite hydrophobic whereas 
biogenic sulfur is hydrophilic, which obviously makes colonisation/oxidation by microbes 
easier and much more rapid. Thiosulfate is also a common substrate for SOB. Thiosulfate is 
relatively unstable in the acid environment and may decompose to elemental sulfur and 
sulfite at pH below 4 (Johnston and McAmish 1973). However, the biological oxidation rate 
is much more significant than the chemical decomposition rate when the concentration of 
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thiosulfate is low. Thiosulfate can be oxidized to tetrathionate by some heterotrophic bacteria 
(e.g. Pseudomonas putida, Klebsiella aerogenes and Bacillus globigii) and oxidized to sulfate 
by chemolithotrophic bacteria (e.g. A. thiooxidans and A. ferrooxidans). 
However, these results are mostly from studies on various aqueous systems, such as 
wastewater and seawater rather than on concrete corrosion layers. The mechanism of sulfide 
oxidation within the sewer concrete corrosion layer is largely unknown due to the difficulty 
of either in situ measuring the substrate (particularly oxygen) utilisation rate or the oxidation 
products. Recently, several indirect studies were performed on suspension solutions of 
corrosion products scraped from a corroded concrete surface (Hvitved-Jacobsen et al., 2009; 
Jensen et al., 2009). In the study chemical oxidation was found to be negligible and 
temporary accumulation of elemental sulfur was detected during the sulfide oxidizing process. 
Notably, the corrosion product in these studies was taken from concrete pipes previously 
exposed to H2S concentrations at up to 1000 ppm, which is much higher than levels typically 
found in real sewers. In addition, it is questionable whether these results can represent those 
of an intact corrosion layer as the conditions in solution would be quite different and the 
microbial community composition and activity may shift during incubation.  
2.5.3 H2S profiles  
As discussed in section 2.3.3, H2S concentration has an important influence on MICC. 
Recently, corrosion levels were monitored under controlled conditions in the laboratory 
simulating the sewer environment at different H2S levels (Joseph et al., 2010). However, 
these studies exposed concrete to constant levels of H2S, which is quite different to the 
fluctuating conditions observed in real sewers.  
In real sewers, significant amounts of sulfide can be built up during the hydraulic retention 
time (HRT) that typically reaches several hours in rising mains (Pomeroy and Boon 1976; 
Sharma et al., 2008). The periodical pumping events create turbulent flow conditions near the 
outlet of the pressure pipe and in the gravity pipe downstream and thus increase the H2S 
transfer from the liquid phase (sewage) into the gaseous head space of the gravity pipes. This 
leads to sudden increases of H2S levels in the gravity pipe gas phase, creating the so called 
‘spikes’ or H2S overload situations. During the pump off periods, the H2S concentration in 
the headspace is lowered due to the uptake of H2S by concrete exposed to the gas phase, by 
the possible dissolution in the continuously flowing sewage, and by ventilation of the sewer 
air. These effects are significantly exacerbated due to the diurnal flow variation and the 
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corresponding change in retention time in the pumped rising mains (Sharma et al., 2008). As 
a consequence, the periodical pumping events and the temporal variation of sulfide 
concentrations can intermittently create gaseous H2S levels up to 100 times higher than the 
average concentration. This may typically occur in the first pump cycles in the morning 
(Gutierrez et al., 2012; Jiang et al., 2013).  
In some cases, low gaseous H2S levels (sometimes even no gaseous H2S) occur in gravity 
sewers due to the long duration of the pump off period. How these intermittent ‘spikes’ and 
deprivations of gaseous H2S can affect the sulfide uptake rate (SUR) of concrete and thus the 
corrosion rate is unknown.   
2.5.4 Oxygen 
In gravity sewers, the sewage DO levels decrease progressively along with the sewage flow 
(Chen and Leung 2000). This is largely due to oxygen utilisation by microbial activity in 
sediments and sewage. In addition, the diurnal DO levels can fluctuate significantly due to 
the temporal variation of organic matter composition of the sewage (Gudjonsson et al., 2002). 
In many cases, anaerobic conditions are found in sewage in gravity sewers for a significant 
part of a day (Gudjonsson et al., 2002). The fluctuated DO in sewage may suggest the 
potential fluctuation of oxygen level in sewer atmosphere (Vasil’ev et al., 2013). How the 
fluctuating gaseous oxygen levels affect the sulfide oxidation in corrosion layers and thus the 
H2S uptake process is unknown.  
2.6 Methods for corrosion control 
To effectively control corrosion, various technologies have been developed. These 
technologies mitigate the corrosion rate through either preventing sulfide build up in the 
liquid phase, or mitigate the H2S release to the sewer atmosphere or by protecting the 
concrete surface from gaseous H2S attack.  
2.6.1 Liquid phase methods 
The liquid phase methods are based on preventing H2S build up in the sewage and hence the 
transfer into the gas phase through dosing chemicals into the sewage. The chemicals include 
magnesium hydroxide, sodium hydroxide, iron salts, free nitrous acid (FNA), nitrate, oxygen, 
hydrogen peroxide, ozone, chlorine and permanganate. The working principles of the 
different chemicals to control sulfide build up vary.  
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Magnesium hydroxide and sodium hydroxide can elevate the pH of sewage and thus reduce 
the transfer of H2S from the sewage to the sewer atmosphere (Ganigue et al., 2011). The 
elevated pH can also partially inhibit SRB and diminish the sulfide production (Gutierrez et 
al., 2014). Iron salts (i.e. ferric and ferrous iron) can precipitate sulfide from bulk sewage and 
particularly ferric ion can oxidize sulfide and significantly inhibit SRB (Sun et al., 2015a; 
Zhang et al., 2009a). FNA is seen to deactivate SRB and thus prevent sulfide production, the 
effect of which was enhanced by the combined use of hydrogen peroxide (Jiang et al., 2011a; 
Jiang et al., 2011b; Jiang et al., 2013; Jiang and Yuan 2013; Mohanakrishnan et al., 2008). 
Nitrate is reported to stimulate the nitrate reducing, sulfide oxidizing bacteria (Gutierrez et al., 
2008; Mohanakrishnan et al., 2009) and thus reducing sulfide levels in the sewage. Similarly 
the application of oxygen will directly oxidize sulfide (Gutierrez et al., 2008). The addition of 
ozone, hydrogen peroxide, chloride and permanganate will also chemically oxidise sulfide 
(Cadena and Peters 1988).  
Though many of the above methods are proven and are being used to effectively reduce 
sulfide build up in the liquid phase, they suffer some drawbacks. For example, most methods 
are costly due to the required continuous dosing of large amounts of chemicals (e.g. oxygen 
and nitrate) to the very large volumes of wastewater. Some chemicals (e.g. iron salts) can 
result in the formation of unwanted residues, and some methods do not adequately control 
H2S gas levels in the sewer headspace consistently (temporarily and spatially).  
2.6.2 Concrete surface protection methods 
Concrete surface protection is achieved through physical and chemical treatments of the 
concrete exposed to the sewer atmosphere. The methods are based on different mechanisms. 
Methods such as applying a layer of magnesium hydroxide can increase the concrete surface 
pH and thus disturb or even deactivate the SOB (Sydney et al., 1996). The concrete surface 
can be protected by a sacrificial layer through implementing antimicrobial coatings such as 
silver bearing zeolite, epoxy and polymer fibre (Berndt 2011; De Muynck et al., 2009; Haile 
and Nakhla 2010). Some studies added inhibitors or biocides into the concrete to inhibit or 
deactivate SOB (Negishi et al., 2005; Yamanaka et al., 2002). Additionally, directly 
disturbing and removing the corrosion layer through washing is also of great interest to water 
utilities (Mansfeld et al., 1991). 
The disadvantages of these methods include the use of potentially harmful chemicals, the cost 
of the chemicals, the high cost of regular treatment and the difficulty of preparing the 
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concrete surface for coating (e.g. epoxy coating). In addition, the effectiveness of some of 
these methods, e.g. washing, needs to be further investigated. Therefore, the development of 
cost-effective and environmentally friendly methods is still highly required.  
2.7 Research gaps 
Based on the literature review, the main knowledge and technology gaps need to be 
addressed are: 
(1) To systematically and accurately understand the corrosion process, reliable 
methodologies to monitor and analyse the corrosion process are important and 
required. The traditional approaches, such as measurement of concrete surface pH, 
concrete mass loss and microbial analysis, are either very slow, time consuming, 
destructive or are limited to concrete at certain corrosion conditions. To overcome 
these limitations, a rapid and non-invasive methodology that can be applied to 
monitor the concrete corrosion at various stages needs to be developed.   
(2) A critical factor driving the corrosion process is the gaseous H2S concentration in the 
sewer atmosphere (Jiang et al., 2014a; Joseph et al., 2012). The previous studies 
investigating sulfide induced corrosion utilized concrete either exposed to H2S levels 
much higher than those found in real sewer systems or maintained constant H2S levels, 
which is quite different to the conditions observed in practice. In real sewers, the 
gaseous H2S concentrations fluctuate widely due to periodic pumping events and the 
temporal variation of sulfide concentrations in sewage. These real fluctuations of H2S 
could lead to differences in various aspects related to the corrosion, such as the 
microbial activities and acid production. Consequently, how temporal variations of 
gaseous H2S levels, specifically H2S spikes (i.e. high H2S load) and H2S deprivation 
(i.e. levels lower than average), affect the sulfide uptake activity of the corroding 
concrete needs to be investigated. 
(3) Upon the uptake of H2S by the concrete surface, sulfide is oxidized to other sulfur 
species, e.g. elemental sulfur, thiosulfate and sulfate. Details of the sulfide oxidizing 
pathways within the corrosion layer are largely unknown. Recently, sulfide oxidation 
was investigated within a suspended solution of a corrosion product that was 
previously part of a concrete pipe exposed to extremely high H2S levels (Hvitved-
Jacobsen et al., 2009; Jensen et al., 2009). The results of these studies reveal that 
elemental sulfur is the intermediate in the oxidation of sulfide to sulfuric acid and 
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biological oxidation is faster than chemical oxidation. However, the results from these 
experiments may not represent the situation of real sewer concrete corrosion due to 
high concentrations of H2S used to generate the corrosion, and due to the corrosion 
product being studied in solution, which could have a significant effect on the 
microbial communities and their activities. Therefore, the investigation of sulfide 
oxidizing activity of concrete exposed to H2S levels similar to that of real sewers is 
required.   
(4) Strategies need to be developed and implemented to ameliorate the concrete corrosion 
rate.  
i) As detailed in section 2.6, many conventional technologies are either costly, 
lead to formation of unwanted residues or are potentially harmful to humans or 
the environment. Therefore, cost-effective, safe and environmentally friendly 
strategies are still required.  
ii) As described in section 2.6.2, some corrosion control methods (i.e. removing 
corrosion layer through washing) are of high interest to water utilities due to 
their potential effectiveness and low cost. However, often the effectiveness of 
these methods in corrosion control is still under controversy and lack 
systematic investigations. 
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Chapter 3 Research objectives  
This chapter presents the research objectives of the thesis.  
The overall aims of this PhD are: to gain fundamental understanding of H2S uptake by the 
corroding concrete surface and of the sulfide oxidation pathway in the concrete corrosion 
layer; and then based on this knowledge to develop effective technologies to mitigate 
corrosion in sewers.  
The following specific objectives are being addressed: 
(1) To develop a rapid and non-invasive methodology to monitor the corrosion of 
concrete at different corrosion stages based on the measurement of H2S uptake by the 
concrete surface. The reliability of the designed methodology should be evaluated 
systematically, i.e. the reproducibility and the sensitivity.  
(2) To investigate the impact of fluctuating gaseous sulfide concentrations on the sewer 
corrosion activity using the methodology developed in research objective 1.  
(3) To determine the sulfide oxidation pathways involved in concrete corrosion. The 
sulfide oxidizing activity of the corroding concrete layer and suspension of corrosion 
product scraped from a corroded concrete surface should be investigated. To evaluate 
and interpret the results, the potential change of the microbial communities relating to 
the corrosion process need to be identified.  
(4) i) To develop a novel, cost-effective and environmentally friendly method to control 
sulfide oxidation by the corrosion layer. The applicability of the method should be 
evaluated based on its effectiveness, practicality and costs.  
ii) To systematically evaluate the effect of a washing treatment on the corrosion of 
sewer concrete. The change of surface properties and corrosion activity caused by 
washing should be determined over short- and long-term periods.  
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Chapter 4 Methods and materials  
This chapter presents the general research approaches used in addressing the research 
objectives in this thesis. The specific research approaches used only by a specific research 
objective were shown in the Methods and Materials section of the chapter relating to that 
specific research objective.   
4.1 corrosion chamber and concrete coupons 
4.1.1 Concrete coupons  
Two types of concrete coupons with different initial levels of corrosion were prepared 
(Figure 4-1). The fresh concrete coupons were cut (using a water-cooled saw) from a newly 
manufactured 1.2 m ID spun cast standard reinforced concrete sewer pipe (1.2 m diameter × 
2.4 m length and 0.07 m wall thickness; HUMES, Sydney, Australia). The pre-corroded 
coupons were prepared from corroded reinforced concrete slabs obtained from Sydney Water 
Corporation, Australia that were previously part of a sewer wall for approximately 70 years. 
Both coupon types have dimensions of approximately 100 mm (length) × 70 mm (width) × 
70 mm (thickness). After cutting, the coupons were washed in fresh water to remove the 
surface contaminate (e.g. corrosion product). To achieve stable initial water content, the 
coupons were dried in an oven (Thermotec 2000, Contherm) at 60 ᵒC for 3 days and then 
weighed.  
Figure 4-1 Top front view of the mounting of pre-corroded (left) and fresh (right) coupons in 
a stainless steel casing. 
Epoxy 
Stainless 
steel casing 
Fresh coupon Pre-corroded coupon 
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Table 4-1 Details of the concrete coupons pairs tested in this thesis. 
H2S level 
(ppm) 
Temperature 
(ᵒC) 
Relative 
humidity (%) 
Exposure time 
(months) 
Number of concrete 
coupon pairs (-) 
5 22-25 100 39-61 2 
10 22-25 100 6-54 7 
15 22-25 100 39-41 2 
25 22-25 100 6-54 7 
50 
22-25 100 28- 52 6 
29-31 100 32-33 1 
 
The original exposure surface of the coupons, i.e. the internal surface of the sewer pipe, was 
designed as the surface to be exposed to H2S. One pre-corroded and one fresh coupon were 
arranged in a coupon pair and partially embedded in a stainless steel casing using epoxy (FGI 
R180 epoxy & H180 hardener) with the surface that previously formed the ceiling surface of 
the sewer pipe protruding 10-20 mm above the epoxy surface (Figure 4-1). The upper rim of 
the stainless steel casing provided a reference point to determine the reduction in coupon 
thickness due to corrosion.  
4.1.2 Corrosion chamber design and arrangement 
Corrosion chambers were designed and constructed in the laboratory to achieve well 
controlled environmental conditions that simulate those of real sewers for the incubation of 
prepared concrete coupons (Figure 4-2). Each chamber was constructed of glass panels (4 
mm thick) with dimensions of 550 mm (length) × 450 mm (width) × 250 mm (height). The 
conditions in the corrosion chambers were set up with three different H2S levels (i.e. 5, 15 
and 50 ppm), two temperature levels (i.e. 22-25 °C and 29-31 °C). The relative humidity of 
all chambers was controlled at 100%. Each chamber contained 2.5 L of domestic sewage 
(collected from a pumping station in Brisbane, Australia) that was replaced every 14 days. 
The coupons were exposed to the gas phase of the corrosion chambers with the exposure 
surface facing downwards. This arrangement of concrete coupon is to simulate the position of 
the concrete in the crown area of real sewer pipes, which is highly susceptible to corrosion 
(Satoh et al., 2009). 
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Figure 4-2 Schematic diagram of the setup of the corrosion chamber and the arrangement of 
concrete coupons therein.  
 
The specified gaseous H2S levels in the chambers were achieved and controlled by dosing 
Na2S solution into a container located inside the corrosion chamber and partially filled with 
HCl solution (16%) using a solenoid pump (120SP1220-4TP Solenoid Operated Micro-pump, 
BIO-CHEM Fluidics). The H2S concentrations were monitored using a H2S gas detector 
(OdaLog Type 2, App-Tek International Pty Ltd, Brendale, Australia) with a range between 0 
and 200 ppm. A programmable logic controller was applied to monitor the H2S concentration 
and to trigger the pump for Na2S addition to maintain the H2S concentration at the specified 
level.  
The chambers were arranged in drawers in a temperature controlled lab (22 – 25 °C). 
Particularly, the chambers with temperature to be controlled at 29-31 °C were achieved 
through warming the drawers using heating units. The sewage in each chamber was warmed 
slightly by recirculating warm water through two glass tubes submerged in it. This 
arrangement ensures that the relative humidity in the gas phase of the chamber can be 
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maintained at about 100% (Joseph et al., 2010). The relative humidity was determined with 
wet and dry bulb temperatures measured by resistance temperature detectors. 
The concrete coupons were exposed to these corrosion conditions to establish corrosion 
activity for the research objectives established for this thesis.  
4.2 Analysis of concrete surface 
4.2.1 Surface pH  
The surface pH of each concrete coupon was determined by placing a flat surface pH 
electrode (PH150-C, ExStik
TM
 Concrete pH Kit) on the coupon surface after being wetted 
with 1 mL of Milli-Q water and allowing the pH electrode to obtain a steady reading. Four 
independent measurements were carried out at different locations on the same coupon and the 
average value was calculated. 
4.2.2 Concrete coupon surface area  
The surface area of each concrete coupon was determined accurately. In order to measure the 
area of the uneven coupon surface, the top surface area was measured from multiple 
photographs of the coupon using photogrammetry through Photomodeler software (Wells et 
al., 2009). The area of the exposed side walls of the coupon were calculated from the 
perimeter of the top surface and the average height above the epoxy level. The gross area of 
each coupon was the sum of the top surface area plus the area of the side walls. 
4.2.3 Corrosion layer thickness 
Five photos of each coupon surface prior to exposure in the corrosion chamber and after high 
pressure washing were taken to determine the corrosion loss using photogrammetry. The 
photogrammetry enables the generation of a 3D image of the exposed surface for each 
coupon to calculate the surface height of the coupon relative to the stainless steel frame as the 
reference plane. The decrease of coupon thickness due to corrosion was then calculated by 
subtracting the average thickness after washing from the average thickness prior to exposure. 
This technique not only enables an accurate change in coupon thickness be determined 
irrespective of the surface roughness but also provides a detailed record of the spatial 
distribution of the losses that occurred. 
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4.2.4 Acid neutralisation capacity  
To determine the acid neutralization capacity (ANC) of the concrete, a given mass of the 
concrete was titrated by various quantities of acid.  
Triplicate samples of concrete of approximately 30 grams mass each were cut from the centre 
of a pre-corroded concrete coupon. The extracted material was disaggregated in an agate mill 
and the aggregate removed before the remaining (aggregate free) material was crushed to 
<0.5 mm particles which were then dried overnight in a 40 °C oven. The aggregate content of 
the pre-corroded coupons was determined in a separate series of experiments using a 
combination of image analysis and acid digestion. Weighed samples of approximately one 
gram mass of the crushed concrete material were then mixed with aliquots of ~0.4 M sulfuric 
acid and the overall volume of each sample adjusted to 10 ml with the addition of distilled 
de-ionised water. The samples were then sealed and shaken for a number of months and the 
pH of the solution determined weekly until the pH varied by <0.1 pH units over a week. At 
this point the pH was assumed to be stable and the final pH value recorded. ANC curves were 
then constructed by comparing the final pH achieved with the amount of H
+
 ions added to the 
concrete mass. ANC values were adjusted to include the aggregate content of the pre-
corroded coupon. The quantity of H
+
 ions needed to convert pre-corroded concrete from the 
starting material to fully corroded product was assumed to be equal to that required to reduce 
the starting material (pH=11.7) to a pH of 4 (Roberts et al., 2002). 
4.2.5 Sulfur species analysis  
For sulfate measurement, known surface area (4 independent locations) of the fresh coupon 
was scraped using a clean scalpel blade. The sample was dispersed into sulfide anti-oxidant 
buffer solution (Keller-Lehmann et al., 2006). For pre-corroded coupon, wash-off water was 
homogenized using a magnetic mixer for 2 h and then subsamples were taken into the sulfide 
antioxidant buffer solution. The prepared solution was transferred into air-tight vial for the 
measurement of sulfate by a Dionex ICS-2000 IC with an AD25 absorbance (230 nm) and a 
DS6 heated conductivity detector (35 °C). 
The analysis of elemental sulfur was based on converting elemental sulfur to thiosulfate at 
high pH (Jiang et al., 2009). Known surface area (4 independent locations) of the fresh 
coupon was scraped using a clean scalpel blade. Soluble sulfur species were removed through 
mixing the sample with Milli-Q water in a 10 ml vial, centrifuged for 10 min at 10, 000 rpm. 
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The obtained pellet was washed 3 times with Milli-Q water. The pellet was resuspended in 10 
ml water mixed with 1.5 ml of Na2SO3 and 0.15 ml of 1 M NaOH, and then incubated in an 
orbital shaker (120 rpm) overnight at 60 °C for the conversion of elemental sulfur to 
thiosulfate. After incubation, samples were cooled down to room temperature and centrifuged 
at 10, 000 rpm for 10 min. The thiosulfate concentration of supernatant measured by ion 
chromatography was used to calculate the concentration of elemental sulfur according to the 
reaction stoichiometry. 
4.2.6 Adenosine triphosphate (ATP) 
ATP determination was performed to determine the biological activity of a sample. It was 
achieved by mixing 300 μL of reactor solution with 50 μL of BacTiter-GloTM Reagent 
(G8230, Promega Corporation, USA) in a 96 well plate (96 well LUMITRAC 200 white 
immunology plate, Greiner Bio-One, Germany). The relative light unit of each sample was 
determined by DTX 880 Multimode Detector (Beckman coulter, USA) using LUM_560 ATP 
0.2s protocol (Luminescence mode, 38 °C, moyen orbital shaking for 20 s, integration time of 
0.2 s per well and no filter). The light unit was converted to ATP levels according to a 
calibration curve generated with ATP standard (P1132, Promega Corporation, USA). The 
ATP measurement of the reactor solution after autoclaving at 121 ᵒC for 30 mins served as 
the control and all tests were performed in triplicate. 
4.2.7 Live/Dead staining 
 The viability of bacterial cells of samples was determined using the LIVE/DEAD 
BacLightTM bacterial viability kit (L7012, Molecular probes). Samples were initially 
prepared by extracting the microbial cells from the corrosion layers. To extract the cells, 
corrosion samples were placed into a 50 mL falcon tube and made up to 25 mL with sterile 
sodium pyro-phosphate solution (0.2%, pH adjusted to 2.8 with 1M H2SO4). This mix was 
then sonicated at 65 kHz (Branson Sonifier 250) for 60 s with the falcon tube partially 
submerged in ice. The sonicated solution was carefully layered onto 25 mL of sucrose 
solution (1330 g L
-1
) and centrifuged (Eppendorf, Centrifuge 5810R) at 5500 ×g, 4 ᵒC for 2 
mins with slow acceleration and deceleration. The upper sodium pyro-phosphate solution 
containing the microbial cells was transferred into a fresh falcon tube and centrifuged at 18, 
000 ×g, 4 ᵒC for 5 min. After decanting the pellet was washed twice by re-suspending in a 
NaCl solution (0.8%, pH at the same level as the corrosion sample) and centrifuging as 
described above. The washed pellet was then re-suspended into 0.5 ml of the NaCl solution 
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and 1.5 µL of the LIVE/DEAD stain reagent was added. The solution was mixed and 
incubated for 15 min in the dark at 22 ᵒC. Then 5 μL of the prepared solution was placed onto 
microscope slides and viewed using a confocal laser scanning microscope (Ziess LSM 510 
META), equipped with a Krypton-Argon laser (488 nm) and two He-Ne lasers (543 and 633 
nm) at 400 times magnification. Quantitative analysis of live and dead cells was performed 
by determining the relative abundance of green and red pixels from images captured at 20 
randomly chosen fields using DAIME (Daims et al., 2006). 
4.3 H2S uptake by concrete  
4.3.1 H2S uptake reactor 
The reactor for the H2S uptake tests was constructed from glass in order to minimise 
reaction/absorbance with H2S and was designed to neatly fit around the coupon pairs and 
stainless steel casings used in the corrosion chamber experiments. The stainless steel casing 
had no contact with the gas in the reactor. The volume of the reactor (290 mm length × 110 
mm width × 100 mm height) was designed to be as small as possible to facilitate fast rates of 
H2S uptake (higher detection limit) in the experiments. The pre-corroded and fresh concrete 
coupons were exposed in two separate compartments through the top rectangular opening 
(Figure 4-3A). The volume of the pre-corroded and the fresh coupon exposed in the uptake 
reactor was 0.14 and 0.030 L, respectively. Therefore, the total gas phase volume within the 
compartment with pre-corroded and fresh coupon is approximately 1.455 L and 1.565 L, 
respectively. In each compartment, one H2S sensor (App-Tek OdaLog® Logger L2, range of 
detection is 0 - 200 ppm) was mounted on the side wall to monitor the gas phase H2S 
concentrations (Figure 4-3A). One humidity sensor (Kimo HST series Humidistats) was 
mounted to detect the relative humidity in the gas phase (Figure 4-3A). Each compartment 
had an internal electric fan to maintain homogenous gas phase conditions. 
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Figure 4-3 An outline of the glass reactor for H2S gaseous uptake measurements is shown in 
A. The reactor dimensions are 290 mm length × 110 mm width × 100 mm height. The 
experimental setup for the sulfide uptake rate measurements are outlined in B. A concrete 
coupon pair was clamped to the reactor and controlled levels of H2S gas can be introduced to 
the reactor through injecting known amounts of Na2S to the bottle of HCl solution and 
connecting the gas phase from this bottle to the reactor to enable the transfer of the generated 
H2S gas into the reactor. 
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The casings containing the coupon pairs were clamped to the top of the uptake reactor so the 
exposed coupon surfaces were sealed within the reactor (Figure 4-3B). The interfaces 
between the two compartments and between the coupon edges and reactor surfaces were 
packed with foam (Polyethylene Foam, Clark Rubber, Australia) to provide gas-tight seals 
between the casing and the reactor, as well as between the two compartments each with one 
coupon exposed to the gas phase conditions. Polypropylene slabs placed on top of the coupon 
and at the bottom of the reactor were bolted together to form a tight seal for the whole 
assemblage. Gas tightness was confirmed by immersing the complete assembly in water and 
checking for any gas bubbles emerging under slight pressure. Gaseous H2S was generated in 
situ with a system composed of a syringe filled with sodium sulfide solution (Na2S, 0.3 M), a 
bottle containing hydrochloric acid (HCl, 6 M) and two bottles connected in series containing 
sodium hydroxide solution (NaOH, 1 M). To achieve a given level of H2S in the reactor, 
Na2S solution was gradually injected into the acid bottle and the generated H2S gas 
transferred into the reactor compartment. After reaching the specified H2S concentration, the 
reactor was isolated from the H2S generation bottles. The applied H2S level inside the reactor 
was within the typical H2S levels in real sewers in Australia, i.e. below 200 ppm. Due to the 
toxicity of the residual H2S in the acid bottle, the acid bottle was connected to the two bottles 
with sodium hydroxide solution to avoid leakage of H2S to the atmosphere. The seal between 
the compartments was tested through injection of H2S to the separate compartments 
sequentially as described in section 4.3.2. 
4.3.2 H2S uptake tests 
For a typical H2S uptake test, a concrete coupon pair was retrieved from the corrosion 
chamber. Prior to mounting the coupon pair to the uptake reactor, 1 mL of deionized water 
was sprayed on the bottom of the reactor to obtain 100% relative humidity in the sealed 
reactor. Internal leakage between the compartments was checked in every experiment for 
compartments 1 and 2. This was done by adding H2S gas into one compartment at a specified 
starting level (e.g. 150 ppm) and the reactor internal airtightness was indicated by 
maintaining a constant 0 ppm H2S reading in the adjacent compartment. This test was 
repeated to confirm there was no leakage from both compartments. 
Following this initial testing, it took 2 to 3 mins to inject H2S simultaneously into both 
compartments to the level specified by the uptake tests. After injection, H2S concentration 
gradually decreased due to the combined effects of sulfide sorption and chemical and 
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biological oxidation. Further injections could be applied to reach various levels of H2S in 
each compartment. After several batches of H2S injection, the background uptake rates of 
H2S were determined by removing the coupon pair, resealing the reactor with a piece of foam 
panel and a stainless steel sheet and repeating the H2S injection and monitoring process. This 
background uptake rate of the whole reactor (but without the coupons) was then subtracted 
from the measured H2S uptake rate with the coupons in place to get a net uptake rate for the 
concrete coupons. The background uptake rates were usually much lower than the uptake rate 
with the coupons installed, with the background rates typically accounting for only a few % 
of the overall uptake rate, as described in section 5.3.1.1. 
4.4 Reactor setup for tests of H2S oxidation by corrosion product  
For a typical test, the corrosion product scraped from a concrete coupon was suspended in an 
autoclaved nutrient solution (pH adjusted to the level of corrosion product by titration of 2 M 
sulfuric acid) in a 330 mL sealable gastight reactor (Figure 4-4). The nutrient solution 
contains 0.4 g L
-1
 KH2PO4, 0.4 g L
-1
 MgSO4.7H2O, 0.4 g L
-1
 (NH4)2SO4 (Franzmann et al., 
2005) and 0.58 g L
-1
 NaHCO3. Inside the reactor, the level of DO and molecular H2S were 
monitored by a DO sensor (HQ40d LDO101, Hach) and a H2S microsensor (H2S-50, 
Unisense), respectively. The reactor was fully filled (i.e. no gas headspace) and fitted with a 
50 mL extension pipe connected to the lid of the reactor. The extension pipe can be 
connected to reactor solution through opening the valve and thus can be used as the gas outlet 
during aeration of reactor solution and/or used to balance the pressure inside the reactor 
during the feeding of sulfide stock solution into the reactor. The aeration or de-aeration of 
reactor solution can be performed through opening the valve connecting aeration inlet and the 
valve connecting extension pipe and flushing compressed air or nitrogen through the aeration 
inlet. To minimise leakage of the reactor setup, all connections between lids and the glass 
reactor were twined with oxygen resistant Teflon tape (Oxygen tape, Unasco Pty Ltd, 
Sydney). To homogenize the reactor solution without disturbing the H2S microsensor, the 
reactor solution was mixed by a magnetic stirrer at 100 rpm (MR Hei-Standard Magnetic 
Stirrer). The gas-tightness of reactor was checked for each test, which showed no problem for 
the batch tests. 
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Figure 4-4 Schematic diagram of the experimental setup for the tests on suspension solution 
of corrosion scrapings.  
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Chapter 5 A rapid, non-destructive methodology to monitor activity of sulfide-
induced corrosion of concrete based on H2S uptake rate 
5.1 Introduction  
As discussed in section 2.4 and chapter 3, many existing methods to monitor the corrosion of 
concrete in sewers are either very slow or destructive measurements. To overcome these 
limitations, it is important to develop a rapid and non-invasive methodology to readily 
measure the corrosion rate of concrete at various corrosion stages.  
This study designed and tested a reactor to measure the H2S uptake rate on sewer concrete 
blocks and assess the corresponding corrosion activities. With temperature and humidity 
controlled, gaseous H2S can be intermittently injected into the reactor to various levels and 
the corresponding H2S uptake rates of the concrete surfaces determined. The method utilises 
the fact that the overall corrosion process is largely driven by the sulfide adsorption and 
oxidation to sulfuric acid. While there may be some time-delays between the sulfide 
adsorption, oxidation and the actual corrosion occurring, both the generation of a strong acid 
(sulfuric acid) and creation of expansive minerals are almost completely caused by the 
formation of sulfate/sulfuric acid from sulfide. Since the sulfide adsorption is a rapid process 
and will directly drive the key corrosion reactions (Nielsen et al., 2008; Vollertsen et al., 
2008), the sulfide uptake rate is a suitable method to monitor the activity of the sulfide-
induced corrosion. Contrary to alternative approaches, this method is also non-destructive 
since the corrosion biofilm is not disturbed and hence regular monitoring of the sulfide 
induced corrosion activity can be undertaken over the length of the coupon’s existence. 
5.2 Material and methods  
5.2.1 Experiment 
The concrete coupon utilized in this research objective had been exposed to 50 ppm H2S 
(within the range of H2S levels in typical sewers in Australia, i.e. 0-200 ppm), 30 °C and 100% 
relative humidity for 32 to 33 months. The details of concrete coupons and corrosion 
chamber are referred to section 4.1.1 and 4.1.2, respectively. The surface pH of the coupon 
was measured (see details in section 4.2.1). To convert the volume-based H2S uptake rates to 
area-based rates, the surface area of the experimental coupon was determined accurately (see 
details in section 4.2.2). In order to calculate rates of corrosion from H2S uptake data it is 
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necessary to determine the number of moles of H
+
 ions required to convert a given mass of 
concrete to its fully corroded form. This was accomplished by determining the ANC (see 
details in section 4.2.4).  
A series of H2S uptake tests (see details of a typical H2S uptake test in section 4.3.2) were 
designed for three different purposes: (1) to investigate the background uptake of H2S by the 
reactor surfaces and moist air; (2) to investigate the reproducibility of the measurements; (3) 
to investigate how the method can differentiate different levels of corrosion on concrete 
coupons. The uptake tests were performed either at 30 °C, with the reactor enclosed in an 
incubator (Contherm Thermotec 2000) or at 25 °C in the temperature controlled laboratory. 
5.2.2 Data analysis 
H2S uptake rate was determined by calculating the slope of the measured H2S concentration 
versus time (Vollertsen et al., 2008):  
2d[H S]r
dt
  ,                                                                                                      (5-1) 
where 2[H S]  is H2S gas phase concentration (ppm), t  is time (h). Then, the rate was 
converted into a surface-specific H2S uptake rate using Equation 5-2: 
2
2
H S
d[H S] 32g / mol V
r 101.325KPa
dt RT S
      ,                                                (5-2) 
where 
2H S
r  is the surface-specific H2S uptake rate (mg-S m
-2
 h
-1
), R is the universal gas 
constant (J K
-1
 mol
-1
), T is the absolute temperature (K), V is the total gas volume in the 
reactor (m
3
), S is the concrete surface exposed to the reactor atmosphere (m
2
).  
5.3 Results and discussion 
5.3.1 Methodology development 
5.3.1.1 Assessing the background H2S uptake rate of the uptake reactor 
The background H2S uptake rate of the reactor is likely due to adsorption and/or oxidation of 
H2S in the moist air and on the reactor materials (walls, sensors, etc.) in the absence of a 
coupon, and was required for the correct interpretation of the H2S uptake data of the concrete 
coupons. Background rates were determined in the presence of either dry air (about 75% 
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relative humidity), air with 100% relative humidity or when air was replaced with nitrogen 
gas to exclude oxidation reactions (about 30% relative humidity) (Figure 5-1A). 
 
Figure 5-1 Temporal profiles of gaseous H2S concentrations (A) and the corresponding H2S 
uptake rates (B) measured in the reactor filled with (i) Nitrogen at about 30% relative 
humidity, (ii) dry air at about 75% relative humidity, and (iii) moist air at 100% relative 
humidity. The surface area of the pre-corroded coupon was used in graph B to determine the 
surface-specific uptake rates. 
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The three conditions examined produced different uptake rates (Figure 5-1B). The H2S 
concentration decreased faster in moist air than in dry air or the nitrogen atmosphere, 
suggesting that higher humidity enhanced the H2S uptake. Although the detailed mechanisms 
are not confirmed here, likely explanations are that physical adsorption of H2S by the 
moisture occured, and that chemical oxidation of sulfide in the presence of air took place. 
This is supported by the fact that the lowest H2S background uptake rate was achieved with 
nitrogen gas, although the humidity was also considerably lower in this case. Slow gas 
leakage may also occur, although no bubbles were seen in the leakage test 
Nevertheless, these background H2S uptake rates were much lower than what was typically 
observed in the presence of coupons (section 5.3.1.2). Even the highest background uptake 
rate (for moist air) was only 13% and 3% of the observed overall uptake rate for the fresh and 
pre-corroded coupons, respectively. Thus the uptake rate by the reactor without coupon but in 
the presence of air and 100% relative humidity, which is the same humidity level as with the 
coupons, was used as the background uptake rate. This background rate was measured in 
each experimental run and was subtracted from the measured profiles to determine the net 
H2S uptake rates for the coupons alone. 
5.3.1.2 Typical profiles of H2S and uptake rates 
Concrete coupons, previously prepared from fresh and pre-corroded concrete, were actively 
corroding after incubation in the corrosion chamber for 33 months in the presence of 50 ppm 
H2S at 30 ˚C and 100% relative humidity. The exposed surface areas of the pre-corroded and 
fresh coupons were 0.0087 mm
2
 and 0.0074 mm
2
, respectively. Typical H2S concentrations 
profiles and the corresponding uptake rates are illustrated in Figure 5-2. Nine repeated 
injections of H2S to the level of about 150 ppm were applied in one experimental run and 
then the background uptake due to moist air was measured after removing the coupon (Figure 
5-2A). The maximal achieved uptake rate of 439 ± 4 mg-S m
-2
 h
-1
 occurred at 140 ppm while 
the uptake rate at the coupon’s corrosion chamber conditions, i.e. 50 ppm, was 250 ± 5 mg-S 
m
-2
 h
-1
. The coupon H2S uptake rate was highly reproducible over the nine repeat 
experiments providing good confidence in the experimental results (Figure 5-2B).   
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Figure 5-2 The temporal profiles of H2S concentrations at 25 ᵒC (A) and the corresponding 
surface-specific H2S uptake rates (B) of a pre-corroded coupon after exposure for 33 months 
to 50 ppm H2S at 30˚C and 100% relative humidity. The last peak in A is the measurement of 
the background uptake rate without concrete coupons and the corresponding rate has been 
subtracted from the measured uptake rates with coupons to determine the net uptake rates 
shown in B. The comparison between the measured (open/closed circles) and the exponential 
function fitted (solid/dashed lines) surface-specific H2S uptake rates of this coupon after 
exposure for 32 months (open circles and solid line) and 33 months (close circles and dashed 
line) is shown in C. The measured (open circles) and simulated (solid line) surface-specific 
H2S uptake rates at 25 ᵒC for a fresh coupon after being exposed for 32 months to 50 ppm 
H2S, at 30˚C and 100% relative humidity is shown in D. 
 
The H2S uptake rates can be related to the concentration of gaseous H2S, using various 
models. In this study, the H2S uptake results were fit to Exponential, Monod and Power 
functions using the Sigma Plot Scientific Graphing System, version 12.0 and the value of 
various coefficients were determined (Table 5-1): 
2
2
K[H S]
H S maxr r (1 e )
   , Exponential function                                                (5-2) 
63 
 
2
max 2
H S
S 2
r [H S]
r
K [H S]



, Monod function                                                                   (5-3) 
2
n
H S r 2r K [H S]  , Power function                                                                      (5-4) 
where maxr  is the maximum uptake rate (mg-S m
-2
 h
-1
), K is an empirical coefficient (ppm
-1
),  
SK  is the half velocity constant (ppm), rK is the rate constant (mg-S m
-2
 h
-1
 (ppm)
-n
) and n is 
the reaction order (-).  
Table 5-1 kinetic parameters determined for various models.  
Coefficients Exponential Monod Power 
maxr  (mg-S m
-2
 h
-1
) 497 760 - 
K (ppm
-1
) 0.0135 - - 
SK  (ppm) - 108 - 
rK  (mg-S m
-2
 h
-1
 ppm
-n
) - - 14 
N (-) - - 0.70 
R
2
 (-) 0.9960 0.9946 0.9888 
Sum of residual squares (based on rH2S) 
n 2
i,monitored i,simulatedi 1
SUM (r r )

    
((mg-S m
-2
 h
-1
)
2
) 
9933 13250 54741 
 
Table 5-1 showed the fitting of H2S uptake data in the exponential function had the highest 
value of R
2
 and the lowest value of the sum of residual squares. It suggests that the 
Exponential function predicted the data with the highest accuracy, though no apparent 
saturation of the uptake rates was observed even at 140 ppm of H2S.  A pilot scale corrosion 
study conducted at low H2S levels (0, 2 - 4 ppm and 15 - 25 ppm) found that a Monod type 
function can well characterise the corrosion rate at various H2S levels, however as this study 
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was limited to three H2S levels only, the reliability of the simulation would be limited (Aesoy 
et al., 2002). Fitting a Monod type equation to the data obtained in this study while producing 
a high R² value indicated a maximal (saturation) uptake rate of about 760 mg-S m
-2
 h
-1
, which 
differs considerably from the rate observed at ~140 ppm in the test. 
The power law function also provided a good fit to the H2S uptake data. It was evident that 
the H2S uptake rate did not follow a zero (constant rate) or first order (linear) reaction rate in 
relation to the H2S concentration but showed an intermediate reaction rate as is often 
observed for combined diffusion and reaction processes on surfaces (e.g. in solids 
combustion, biofilms etc.) (Harremoës 1976). The reaction order n was found to be 0.70, 
which is within the range (0.45 to 0.75) reported for oxidation of H2S on corroding concrete 
surfaces (Vollertsen et al., 2008). It is also consistent with the expected diffusion/reaction 
profiles within the corrosion layer, whereby diffusion of one of the substrates (likely sulfide  
in this case) will be limiting the reaction in the inner part of the corrosion layer (Satoh et al., 
2009). Similar uptake rate curves have been obtained through measurements of H2S uptake of 
corroded concrete exposed to H2S with levels ranging from 1000 ppm to 0 ppm (Vollertsen et 
al., 2008). With the increase of H2S levels, no tendency towards a constant maximal uptake 
rate (saturation) was observed even at 1000 ppm H2S. Given the very high H2S 
concentrations applied in these reported experiments, the microorganisms within the 
corrosion layer of the experimental pipe could differ considerably from real sewers (Cayford 
et al., 2012; Satoh et al., 2009). Hence, the biological sulfide oxidation kinetics could also 
vary.  
5.3.1.3 Method reproducibility 
To examine the reproducibility of the method, H2S uptake rates were determined on the pre-
corroded coupon after exposure to 50 ppm H2S, 30 °C and 100% relative humidity for 32 
months and then again after a further 1 month exposure at the same conditions (Figure 5-2C). 
After 32 and 33 months of exposure, little difference was seen on the H2S uptake rates of the 
same coupon. The results clearly indicate that the method can be applied to measure coupon 
uptake rates accurately and reproducibly. Additionally, the repeated H2S injections and the 
resulting uptake rate estimations are well fitted with the exponential function described in 
Equation (5-3) (Figure 5-2C). Only small differences in the value of the model parameters 
between the two tests were observed, ( maxr = 497 ± 22 mg-S m
-2
 h
-1 
and 497 ± 7 mg-S m
-2
 h
-1
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and K = 0.0132 ± 0.0011 ppm
-1
 and 0.0135 ± 0.0003 ppm
-1
 in the fitting of test results from 
coupon exposed for 32 months and 33 months respectively). 
5.3.2 Uptake rates for pre-corroded and fresh coupons 
H2S uptake rates of fresh coupons were also determined and compared to the pre-corroded 
rates. Although the form of the uptake rate curves for both cases are similar (Figures 5-2C, D), 
a large difference was observed between the actual uptake rates. At 100 ppm of gaseous H2S 
for example, the uptake rates were 364 ± 7 mg-S m
-2
 h
-1
 for the pre-corroded coupon, but 
only 64 ± 2 mg-S m
-2
 h
-1
 for the fresh coupon. 
The difference in H2S uptake rates is most likely related to differences in the depth of the 
corrosion layer as well as the population and activity level of sulfur oxidising 
microorganisms present on the surfaces of the two coupons. After 32 months exposure in the 
corrosion chambers the surface of the fresh coupon was relatively smooth and only slightly 
acidic (pH = 6.3 ± 0.6) while the surface of the pre-corroded coupon was significantly more 
acidic (pH = 4.5 ± 0.9) and covered in a highly porous, roughly textured surface. At pH>6 
chemical oxidation of H2S is significantly faster than at pH<6 (Chen and Morris 1972; 
Millero et al., 1987). The greater uptake rates observed in our experiment for the low pH, pre-
corroded coupons therefore suggests that biological oxidation of H2S is the main factor 
driving sulfide uptake rates on these samples. At pH around 4, acidophilic sulfide oxidising 
microorganisms are likely to be present in larger numbers and be more active thereby 
oxidizing larger quantities of sulfide to sulfuric acid (Roberts et al., 2002). By way of contrast, 
previous studies suggest that sewer pipe concrete with a surface pH above 6 is still in the 
initial stages of corrosion (Islander et al., 1991; Roberts et al., 2002) and consequently H2S 
uptake rates are primarily driven by chemical oxidation processes, which our data suggests 
results in lower H2S uptake rates at the conditions tested. 
Although there is disagreement in the literature on the relative importance of chemical and 
biological oxidation in wastewater, both processes are usually considered significant 
(Kotronarou and Hoffmann 1991; Nielsen et al., 2005; Nielsen et al., 2003; Wilmot et al., 
1988). The relative importance of biological and chemical sulfide oxidation processes in the 
corrosion layers of the pre-corroded and fresh concrete coupons will be the focus of future 
studies. 
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5.3.3 Effects of temperature 
To evaluate the influence of temperature on the H2S uptake of concrete coupon, uptake rates 
were determined at 25 °C (Figures 5-2C, D) and 30 °C for the same pre-corroded and fresh 
coupons. The shapes of the uptake rate curves were similar at the two temperature levels. 
From the H2S uptake rates determined at the two temperatures it is evident that the uptake 
rates at 30 °C are slightly higher than at 25 °C for H2S concentrations above 5 ppm (Table 5-
2). For example, at the H2S exposure level of 50 ppm, the H2S uptake rates are 303 ± 13 and 
58 ± 6 mg-S m
-2
 h
-1
, which are about 17% and 26% higher than those at 25 °C, for the pre-
corroded and fresh coupons respectively. 
Table 5-2 H2S uptake rates of pre-corroded and fresh coupon at two temperature levels. 
H2S (ppm) 
H2S uptake rates (mg-S m
-2
 h
-1
) 
25ᵒC 30ᵒC 
Pre-corroded Fresh Pre-corroded Fresh 
5 14 ± 7 8 ± 1 13 ± 8 7 ± 2 
10 53 ± 25 19 ± 1 67 ± 10 22 ± 1 
20 128 ± 26 29 ± 1 155 ± 8 41 ± 1 
50 259 ± 22 46 ± 3 303± 13 58 ± 6 
75 321 ± 18 57 ± 4 372 ± 13 65 ± 8 
100 362 ± 14 66 ± 5 413 ± 17 70 ± 11 
 
Analysing the temperature effect using the exponential function fitting (Equation 5-3), it 
shows that max of the pre-corroded coupon increased with increasing temperature from 497 ± 
22
 
to 578 ± 46 mg-S m
-2
 h
-1
 and K increased slightly from 0.0132 ± 0.0011 to 0.0134 ± 
0.0017 ppm
-1
. For the fresh coupon, no apparent increase of rmax (from 66 ± 1 to 68 ± 1 mg-S 
m
-2
 h
-1
) was observed, but the value of K increased substantially from 0.0255 ± 0.0011 to 
0.0335 ± 0.0019 ppm
-1
 with the increasing temperature. 
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The increase in uptake rates with temperature could be due to increasing rate of diffusion of 
H2S in air or water (Tamimi et al., 1994) or increasing chemical and biological sulfide 
oxidation rates (Millero et al., 1987; Nielsen et al., 2004). Additionally, the sulfide oxidising 
bacteria within the corrosion layer have been adapted to 30 °C rather than 25 °C since the 
concrete coupons in this study experienced long term exposure conditions at 30 °C. This may 
also contribute to the influence of temperature on sulfide uptake rates. The dependency of 
sulfide oxidation on temperature reported in previous studies varies considerably. For 
instance, an earlier study of sulfide oxidation in water found the increase of the rate constant 
(pseudo-first-order reaction) can be up to 160% with a temperature increase from 25 °C to 
30 °C (Millero et al., 1987). A more recent study of a wastewater biofilm showed an increase 
of about 15% in the sulfide oxidation rate with a temperature increase from 20 °C to 25 °C 
(Nielsen et al., 2005). 
5.3.4 Evaluation of the methodology as a way to estimate corrosion rate 
It is generally accepted that the concrete corrosion rate has a positive correlation with the 
amount of H2S transferred onto the pipe surface (US Environmental Protection Agency 1974). 
When estimating corrosion rates from the H2S uptake rate a number of factors need to be 
considered including: 
(1) The concrete alkalinity, i.e. the amount of acid required to react with cement to form the 
corrosion products; and 
(2) The fraction of oxidised sulfide that takes part in the corrosion process. This may be 
affected by two aspects, namely: 
(i) part of the H2S taken up into the corrosion layer may be converted to sulfur species other 
than sulfuric acid, which may not generate any acid (Islander et al., 1991); and /or 
(ii) a fraction of the sulfide adsorbed or sulfuric acid formed will be washed back into the 
wastewater stream before it has a chance to react with the concrete. It has been suggested, for 
example, that at high acid production and condensation rates as much as 70% of the acid  
may be washed out and not take part in the corrosion process (Meyer 1980). 
Acid neutralisation capacity tests carried out in conjunction with this study indicate that 
approximately 1 mole of H
+
 is required to convert one kilogram of pre-corroded concrete 
coupon to corroded material. Consequently it can be estimated that corroding 1 m
3
 of 
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concrete will require 2400 moles of H
+ 
if the density of concrete is assumed to be 
2400 kg m
-3 
(Meyer 1980). If it is also assumed that the entire H2S taken up from the gas 
phase is oxidised to sulfuric acid and contributes in the corrosion of concrete then it is 
possible to compare the corrosion rates observed by water utilities and reported in literature 
with the corrosion rates calculated from our laboratory measured H2S uptake rates. Based on 
these considerations it follows that the mass balance for H
+
 consumption per square meter of 
concrete exposed to sewer atmosphere gives: 
2
3
H S3
2 2
S
24h 365day 10 g
r 2
10 m 1day 1year 1mg
C 1m A 1m
1mm M

    
      ,                     (5-6) 
where C is the annual loss of concrete (mm year
-1
), A is the buffering capacity of concrete 
(mole-H
+
 (m
3
 concrete)
-1
, here 2400 mole-H
+
 (m
3
 concrete)
-1
was used as discussed above), 
MS is the molar mass of sulfur (32 g mol
-1
), and the factor ‘2’ is the amount of H+ generated 
per mole of H2S uptaken. 
Therefore, the annual corrosion rate is: 
2
3
H S
3
2
S
24h 365day 10 g
r 2
11day 1year 1mg
C
10 m A
M 1m
1mm


   
 
 
 ,                                                      (5-7) 
The H2S uptake rates measured for our pre-corroded coupon at 100% relative humidity, 
25 °C and at site-relevant H2S concentrations (see below) were converted to the 
corresponding corrosion rates according to Equation 5-7. These rates are listed in Table 5-3 
together with the actual corrosion rates observed at two different field sites and previously 
reported laboratory studies, as well as corrosion rates calculated from reported H2S uptake 
rates. It should be noted that the corrosion rate calculated from Equation 5-7 provides the rate 
that the concrete coupon, with its biofilm/corrosion layer, can maximally achieve under the 
optimal conditions. 
 
 
Table 5-3 Comparison between corrosion rates of laboratory coupons, real sewers and values 
reported from literature.  
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Location 
H2S 
(ppm) 
Corrosion rate (mm 
year
-1
) 
Reference 
Laboratory concrete 
coupon 
8 8.9 ±  0.5
a
 
This study 
10 11.2 ± 5.2
a
 
20 29.2 ± 5.9
a
 
80 76.0 ± 1.4
a
 
100 83.3 ± 2.1
a
 
Melbourne sewer 8 6.0 - 7.0 
Personal communication, 
Melbourne water 
Perth sewer 80 12.0 (Wells and Melchers 2014) 
Laboratory concrete 
coupon 
15 - 25 ~14.0 (Aesoy et al., 2002) 
Pilot scale sewer reactor 
in Denmark 
10 4.1 – 41.1a 
(Vollertsen et al., 2008) 
100 8.2 – 164.2a 
a
 corrosion rates calculated (using Equation 5-7) from the H2S uptake rates 
 
In a working sewer in Melbourne, Australia, with a temperature range between 18 to 22 °C 
and average gaseous H2S levels of 8 ppm (range between 5 to 60 ppm), the rate of corrosion 
of pre-corroded coupons has been measured at 6 - 7 mm per year between 2009 and 2013  
(personal communication, Melbourne Water). The corrosion rates observed in the Melbourne 
sewer were comparable but lower than the corrosion rates calculated from the H2S uptake 
rates of our laboratory coupons (Table 5-3). However, at a sewer in Perth, Australia, where 
the average concentration of H2S was approximately 80 ppm (Wells and Melchers 2014), the 
uptake rates determined at the same H2S levels in our experiments corresponds to acid 
generation that would cause a higher corrosion rate than was actually observed. Our 
calculated rates at 20 ppm H2S are more than double the corrosion rates reported by Aesoy et 
al., (2002). In the above cases the over prediction of the corrosion rates indicates that not all 
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of the H2S taken up is immediately utilised in the corrosion process, i.e. some is converted to 
other forms of sulfur and/or is returned to the wastewater stream before it can react with the 
concrete (Islander et al., 1991; Jensen et al., 2009; Meyer 1980). In the high H2S situation in 
Perth, it is also likely that the humidity is not typically at 100% (estimated around 90% based 
on short-term measurements), which may significantly influence the actual sulfide uptake and 
oxidation rate due to the limitation of the microbial activity under such ‘dry’ conditions. This 
suggests that H2S levels is an important but not the sole factor contributing to the corrosion 
rate.    
In a pilot scale sewer reactor, without temperature control, the H2S uptake rates of concrete 
pipe segments exposed to H2S with levels ranging from 1000 ppm to 0 ppm were measured 
(Vollertsen et al., 2008). Using Equation 5-7, the corresponding corrosion rates are estimated 
to be between a few mm per year to well over 100 mm per year (Table 5-3) in extreme cases. 
The H2S uptake rates measured in our study have a significantly narrower range and appear 
to be quite comparable to real corrosion rates observed in sewers. Nevertheless, the estimated 
concrete corrosion rates based on the H2S uptake rates are likely a measure of maximum 
corrosion rate for a given coupon/corrosion layer under fully active conditions. While the 
actual sewer corrosion rates may be limited at times by factors like low humidity or H2S 
concentrations, the method provides a reasonable estimation of the likely expected corrosion 
rate at H2S concentrations that are typical case for most sewers. 
5.4 Conclusions 
This study demonstrates that: 
 The designed methodology gave reproducible measurements of the SUR of concrete 
coupons and facilitated the differentiation of SUR of concrete at various corrosion 
levels and temperatures.  
 The SUR can be used to estimate the maximum possible corrosion rates of concrete.  
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Chapter 6 Impact of fluctuations in gaseous H2S concentrations on sulfide 
uptake by sewer concrete: the effect of H2S high load 
6.1 Introduction 
As discussed in section 2.5.3 and described in chapter 3, how the temporal variation of 
gaseous H2S levels, specifically the H2S spike (i.e. high H2S loads) affects the sulfide uptake 
activity of concrete with an active sulfide-induced corrosion layer needs to be investigated.  
This study investigated the effects of such H2S peak concentrations on the sulfide uptake 
activity of corroding concrete. The concrete utilised in this study was incubated in laboratory 
chambers under conditions similar to those in real sewers. The influence of short- and long-
term high H2S load scenarios on the sulfide (H2S) uptake rate (SUR) was determined. Further 
tests were carried out to examine the cumulative effect of high H2S loads on the SUR of 
corroding concrete and the impact of historical H2S exposure levels on the SUR during and 
after high H2S loads.  
6.2 Materials and methods 
6.2.1 H2S profiles in real sewers 
Gaseous concentrations of H2S were monitored at five minute intervals in a manhole at 
Melbourne’s Western Trunk Sewer (WTS) from 5th April 2011 to 11th April 2011 (Figure S6-
1A in Supplementary Information (SI)) and at one minute intervals in a manhole at 
Queensland’s Sunshine Coast region (Morgans discharge manhole, Unity Water, Queensland, 
Australia) from 25
th
 June 2014 to 1
st
 July 2014 (Figure S6-1B in SI). The measured H2S 
concentration profiles were analysed to identify the characteristics of H2S peak 
concentrations, particularly the frequency and the scale of the high H2S load events. These 
H2S high load events occurring in real sewers were used to design high H2S load experiments 
in the lab-scale system and to investigate their effect on H2S uptake by concrete. In this study, 
the level and duration of H2S peak events was designed to be between five and ten times the 
average H2S level for a duration of 8 to 25 mins. In addition, the temperature in this study 
was also controlled to a level similar to those observed in the real sewers, which was 
relatively constant over the testing period with an average of 22.6 °C and 22.9 °C for 
Melbourne and Unity Water sewers, respectively. 
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6.2.2 Concrete coupons and corrosion chambers 
Three corrosion chambers were set up with three different H2S levels (i.e. 5, 15 and 50 ppm) 
for this study. The details of corrosion chamber arrangement and concrete coupons were 
described in section 4.1.2 and 4.1.1, respectively.  
The concrete coupons were exposed to these corrosion conditions for more than 3 years to 
establish strong corrosion activity before this study, which was indicated by the visible, 
active corrosion layer on the surface of the coupons and the measured surface pH of all 
coupons being below 4 (measured by surface pH probe with 4 independent measurements on 
each coupon surface). 
6.2.3 H2S uptake measurement system 
The SUR of concrete has been proved to be a good indicator to estimate the maximum rate of 
sulfide induced concrete corrosion in chapter 5. In this research objective, the SUR by the 
concrete coupons was measured using the method modified from that described in chapter 5  
(Figure 6-1) (Sun et al., 2014).  The setup of the concrete coupon in the H2S uptake reactor 
and the relative humidity control at 100% were as described in section 4.3. Gaseous H2S was 
added from a 50 mL syringe into the H2S uptake reactor to achieve a reactor concentration of 
20 ppm. The H2S uptake profile of the coupon was recorded using a H2S detector (App-Tek 
OdaLog
®
 Logger L2, detection range of 0-200 ppm). The SUR of the coupon at 15 ppm of 
H2S was calculated using the monitored H2S profiles. To repeatedly measure the SUR at 15 
ppm, the addition of gaseous H2S into the reactor was performed when the monitored H2S 
concentration in the reactor gas phase decreased to 10 ppm. A programmable Logic 
Controller (PLC) was employed to monitor the H2S concentration inside the reactor and to 
trigger the syringe pump (NEW Era Model 501 OEM syringe pump with stall detection) to 
add further gaseous H2S. The PLC was used to run a pre-determined sequence of low and 
high H2S concentrations at a specified frequency. To avoid the build-up of pressure inside the 
reactor during the dosing of gaseous H2S, a small gas outlet from the reactor was kept open 
through a needle (0.5 mm in diameter) inside a rubber stopper with a non-metallic luer-lock 
connector on the inside of the reactor (to avoid the potential of metal (needle) catalysed 
sulfide oxidation) 
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Figure 6-1 The schematic diagram of the system used to measure the H2S uptake by concrete 
coupons. 
 
The background uptake rates of H2S were determined by removing the coupon, resealing the 
reactor with a piece of foam panel and a stainless steel sheet and repeating the H2S injection 
and monitoring process. The background uptake rates of the whole reactor (but without the 
coupon) were subtracted from the measured SUR with the coupons in place to obtain the net 
uptake rates for the concrete coupons (see Equation S6-1 in the Supplementary Information 
(SI). 
6.2.4 Batch tests 
6.2.4.1 Effect of H2S peak concentrations 
Two types of H2S concentration high load scenarios were investigated, i.e. short- and long-
term. These were designed to mimic the H2S fluctuations typically observed in real sewers.  
The test to identify the effect of short-term high H2S load conditions on the SUR was carried 
out on a coupon previously exposed to 15 ppm for 53 months. Gaseous H2S was 
intermittently infused into the uptake reactor containing the concrete coupon. The gaseous 
H2S concentration in the uptake reactor was maintained between 10 and 20 ppm (averaging 
15 ppm) for 30 mins. This simulates the historical exposure level (i.e. 15 ppm) of H2S of the 
coupon in the corrosion chamber. Based on the temporal H2S uptake profiles, the SUR of the 
coupon at 15 ppm after each injection of H2S was calculated according to methods developed 
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previously (Sun et al., 2014). The average SUR at 15 ppm was termed the baseline SUR. 
Then, the gaseous H2S in the uptake reactor was quickly raised to 160 ppm and gradually 
decreased to baseline level due to the uptake by the coupon. This intends to simulate the 
short-term high H2S load event. The duration of the short-term high load event was usually 
around 7 to 8 mins. Following that, intermittent injection of H2S at a level between 10 and 20 
ppm was performed again. The corresponding SUR at 15 ppm was measured and compared 
with the baseline SUR. To facilitate the comparison of the SUR prior to and after a high H2S 
load, the relative SUR ratio, defined as the SUR divided by the baseline SUR, was calculated. 
The experiment with H2S concentration up to 160 ppm was repeated three times. The SUR 
after each high loading event was calculated and compared with the baseline SUR. 
To investigate the influence of the long-term high load of H2S concentrations on the SUR, 
one uptake test was carried out on the same coupon after 54 months of corrosion chamber 
exposure with a similar test procedure. The only difference was that the duration of the high 
H2S level was maintained for 20 to 22 mins, which was achieved through intermittent 
injection of gaseous H2S to keep the H2S level between 115 and 160 ppm. The corresponding 
SUR at 130 ppm was calculated using the monitored H2S uptake profiles.  A control test was 
carried out on the same coupon through intermittently injecting H2S to around 10 and 20 ppm 
for 3 h.  
6.2.4.2 Cumulative inhibition effect of high H2S load 
The post-exposure inhibition effect of high H2S concentrations on the SUR of the concrete 
coupon was determined using a coupon previously exposed to 15 ppm H2S for 42 months in 
the corrosion chamber. The experiment included two independent H2S uptake tests with 
different H2S exposure profiles but the same average H2S exposure level. 
For the first test, to simulate the historical H2S exposure level (i.e. 15 ppm) of the coupon in 
the corrosion chamber, gaseous H2S was intermittently injected into the uptake reactor to 
maintain the gaseous H2S level in the uptake reactor between 10 and 20 ppm for 110 min. 
The corresponding SUR at 15 ppm after each injection of H2S was calculated and termed as 
the baseline SUR. Then, the coupon was exposed to various high loads of H2S , i.e. H2S 
levels between 160 and 180 ppm for about 45 min, between 110 and 130 ppm for about 45 
min and between 65 and 85 for about 45 min. The corresponding relative SUR ratio was 
calculated by dividing the experimental SUR by the baseline SUR, for each high loading 
event. 
75 
 
The second test was carried out in a similar procedure but the exposure H2S profiles were 
different. Following the baseline exposure between 10 to 20 ppm H2S, the coupon was 
exposed to different, and increasing H2S levels for 45 minutes in each experiment, namely at 
65 to 85 ppm, 110 to 130 ppm and 160 to 180 ppm H2S. The corresponding relative SUR 
ratio for each experiment was calculated as described above. 
The duplicate experiment was conducted on a coupon previously exposed to 15 ppm H2S for 
38 months in the corrosion chamber. 
6.2.4.3 The effect of H2S spikes on coupons with different exposure histories 
To examine the effect of the high-level H2S exposure on coupons that had previously been 
maintained at different H2S levels, three coupons previously exposed to either 5, 15 and 50 
ppm were tested. To examine the effect of various H2S spike scenarios on the overall amount 
of H2S taken up, several tests (shown in Table 6-1) were carried out to compare the amount 
of H2S uptake by each coupon at its historical H2S level (i.e. ‘control’ test) and various H2S 
spike situations (i.e. ‘spike’ test) over the same exposure time. 
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Table 6-1 Details of three series of H2S uptake tests performed on three concrete coupons 
with different historical exposure conditions. 
Test serie Coupon exposure history Batch tests H2S levels (ppm) 
1 5 ppm, 22-25ᵒC, 100% RH, 39 months 
Control  5 
Spike 1 10 to 5 
Spike 2 15 to 5 
Spike 3 20 to 5 
Spike 4 25 to 5 
Spike 5 50 to 5 
Spike 6 100 to 5 
Spike 7 150 to 5 
2 15 ppm, 22-25ᵒC, 100% RH, 39 months 
Control  15  
Spike 1 25 to 15 
Spike 2 50 to 15 
Spike 3 75 to 15 
Spike 4 100 to 15 
Spike 5 150 to 15 
3 50 ppm, 22-25ᵒC, 100% RH, 39 months 
Control 50  
Spike 1 75 to 50 
Spike 2 100 to 50 
Spike 3 125 to 50 
Spike 4 180 to 50 
 
Over the experimental period of a specific ‘spike’ test, the mass of H2S taken up by the 
concrete coupon surface is termed spikeT ((mg-S), see details of calculation in Equation S6-2 
in SI). Over a duration equivalent to that of the specific ‘spike’ test, the mass of H2S taken up 
by the same coupon surface when exposed to the baseline H2S concentration is termed baselineT
((mg-S), see details of calculation in Equation S6-4 in SI). 
Therefore, the ratio (α) is defined for a specific coupon by the mass of H2S taken up by the 
concrete coupon in a ‘spike’ test compared to the uptake by the same concrete coupon when 
exposed to a constant H2S level (i.e. historical exposure level) over the same time: 
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spike
baseline
T
T
    (6-1) 
6.3 Results and discussion 
6.3.1 Effect of high H2S load 
6.3.1.1 Short-term high load of H2S 
The surface pH of the coupon was 2.9 ± 0.5, indicating the concrete was in heavily corroded 
conditions where microbially induced sulfate production could be prevalent. Figure 6-2A 
shows the temporal H2S uptake profiles of a concrete coupon over 3 h and the corresponding 
SUR measured after each injection of gaseous H2S. At stage 1, the repeated measurement of 
SUR of the coupon at its historical exposure level of H2S (i.e. 15 ppm) was relatively 
constant, averaging 173 mg-S m
-2
 h
-1
. Similarly, Figure S6-2 in SI shows the stability of the 
SUR during a control experiment, expressed as percentage relative to the baseline SUR. This 
suggests that the SUR of a specific coupon will be quite constant when the H2S exposure 
level is constant. However, immediately after experiencing the first H2S peak concentration 
(stage 2), the SUR of the coupon at 15 ppm decreased to 149 mg-S m
-2
 h
-1
, which was about 
14% lower than the baseline SUR (Figure 6-2B). Following that, the SUR rose gradually to 
96% of baseline SUR over about 10-20 minutes. Compared to stage 2, the decrease of SUR 
after the second (stage 3) and third (stage 4) H2S peak concentration is similar, but the 
recovery is less. Especially, no recovery of SUR was observed within about 1 h after the third 
peak. It seems that there was a temporary inhibition initially, which then became more 
persistent. 
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Figure 6-2 The temporal H2S uptake profiles of a coupon (exposure history: 15 ppm H2S, 22-
25 °C, 100% relative humidity for 53 months) and the corresponding SUR at the historical 
exposure level (i.e. 15 ppm) and peak levels (i.e. 130 ppm) of H2S are shown in Figure A and 
the relative SUR and average SUR at various stages shown in Figure B. Different 
experimental stages (1 to 4) are listed above the plotted data in Figures A and B and the error 
bars in Figure B represent standard deviations. 
 
The immediate decrease of SUR after the high H2S load could be explained as follows. 
Elemental sulfur (S
0
) would likely be produced as intermediate product during sulfide 
oxidation (Jensen et al., 2009; Nielsen et al., 2014). Part of this S
0
 may be directly oxidized to 
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sulfate and hence would compete with sulfide as electron donors for SOB. Another part of 
this may remain as an intermediate and undergo a slower oxidation process (Jensen et al., 
2009; Nielsen et al., 2014). During the high load period, increased amount of S
0 
may be 
produced and stored temporarily in the corrosion layer. Immediately after the high H2S load, 
part of the S
0 
was further oxidized which could consequently reduce the SUR temporarily. 
With the ongoing oxidation of S
0
 in the corrosion layer after the H2S loading, the previously 
accumulated S
0
 would be gradually consumed, and the SUR would recover. Under some 
circumstances, such as after the quick reduction of H2S peak concentrations by sewer 
ventilation, some H2S accumulated in the corrosion layer during the previous high load 
periods may even diffuse back into the gas phase, resulting in a negative SUR (see details in 
Table S6-1 in the SI)). 
However, the diminishing recovery capacity of the SUR after several high H2S loading 
experiments suggests a possible inhibitive effect of this loading on the SOB activity. It should 
be noted that microbes plays an important role in the H2S uptake activity and deactivating the 
microbes can significantly decrease the SUR (Sun et al., 2015c). The probable inhibition of 
SOB by high sulfide loads has also been reported in sewer concrete corrosion layers that were 
periodically exposed to 1000 ppmv of H2S and loadings of up to 340 mg-S m
-2
 h
-1
 (Nielsen et 
al., 2014). In other studies, the inhibitory effect of high sulfide loads onto biological sulfide 
oxidation activity was detected to occur in denitrifying and sulfide oxidizing conditions 
(Buisman et al., 1990; Buisman et al., 1991; Cardoso et al., 2006; Mahmood et al., 2008; 
Wirsen et al., 2002). A possible explanation for this effect could be that the temporary 
increase in sulfide and hence sulfuric acid formation reduces the pH within the 
biofilm/corrosion layer temporarily until this is neutralized by the corroding concrete again 
over time. Such acid surge may cause inhibition of the SOB and hence decreased the SUR. 
Further detailed investigations may be necessary to corroborate this hypothetical explanation. 
6.3.1.2 Long-term high load of H2S 
Figure 6-3A (stage 1) shows that the baseline SUR of the coupon prior to the high load 
experiments was around 225 mg-S m
-2
 h
-1
 and hence slightly higher than that in the previous 
test shown in Figure 6-2A. This difference of the absolute SUR value for the same coupon 
within about 1 month may be due to various effects, possibly related to the absorbed moisture 
in the corrosion biofilm. As this study is aimed at identifying the immediate changes of SUR 
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caused by high H2S load, such variations of the absolute SUR have a negligible impact on the 
results.  
 
Figure 6-3 The H2S uptake profiles of the coupon (exposure history: 15 ppm H2S, 22-25 °C, 
100% relative humidity for 54 months), the corresponding SUR at its baseline H2S level (i.e. 
15 ppm) and high H2S levels (i.e. 130 ppm) are shown Figure A and the relative SUR and the 
average relative SUR at each stage is shown in Figure B. Different experimental stages (1 to 
4) are listed above the plotted data in Figures A and B and the error bars in Figure B 
represent standard deviations. 
 
Upon long-term exposure to high levels of H2S (Figure 6-3A, stage 2), the SUR of the 
coupon at 15 ppm H2S immediately decreased by 41%. The SUR gradually recovered to 
approximately 86% - 92% of the baseline SUR during the following the following 6 – 15 
minutes. The observed decreases of the SUR after the 2
nd
 and 3
rd
 long-term high-level 
exposure (stage 3 & 4) were even slightly larger than that after the 1
st
 long-term exposure and 
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the recovery of the SUR was also slower. Particularly, the final recovery level at stage 4 
reached only 87% and 93 % 2h after the end of the high loading, indicating there is some 
more persistent inhibition, as also observed in the short-term experiments. In addition, during 
exposure to high H2S levels, the coupon had a gradual decrease of the SUR at 130 ppm not 
only within each of the three stages (stage 2, 3 and 4 in Figure 6-3A) but also from stage 2 to 
stage 4.  
Compared to the effects after the short-term exposure to high H2S levels, the SUR clearly 
showed a more significant decrease immediately after the long-term high H2S load and had a 
similar extent of recovery although the time required for the recovery of the SUR to a steady 
level is slightly longer. Consequently, it supports that the longer-term exposure of the coupon 
to high H2S levels may result in a greater accumulation of S
0 
in the corrosion layer, thus 
causing a bigger decrease of the SUR after the exposure. In addition, the similar extent of 
recovery of SUR after short- and long- term high load of H2S suggests that the 
duration/length of coupon exposure to high levels of H2S may affect the rate of the SUR 
recovery but not the extent of the recovery. This indicates that the activity of the SOB may be 
inhibited for various lengths depending on the duration of high H2S load.  
6.3.2 Cumulative inhibitive effect of over H2S loads 
Based on the hypothetical accumulation of S
0
 in the corrosion layer discussed above, it would 
be expected that all prior H2S loads can have a cumulative effect on the SUR of the concrete 
coupon unless the recovery time between high load events is sufficient to eliminate the 
temporarily accumulated elemental sulfur. This was indeed demonstrated in a separate 
experiment. Figures 6-4A&B show the results of two tests where the coupon is exposed to 
various high H2S load sequences but with the average H2S concentration of the two tests 
being similar. In Figure 6-4A, after exposing the concrete coupon to the baseline H2S level 
(stage 1), the relative SUR at 170 ppm from the 1
st
 to the last measurement decreased by 
about 32% (stage 2) and then the relative SUR was stable during the repeated measurement at 
both 120 (stage 3) and 70 ppm (stage 4). The relative SUR values of the last measurements at 
70 ppm H2S (stage 4), 120 ppm (stage 3) and 170 ppm (stage 1) were 168%, 199% and 238%, 
respectively. In contrast, Figure 6-4B shows a gradual decrease of relative SUR during the 
repeated measurement at 70 ppm (stage 2), 120 ppm (stage 3) and 170 ppm (stage 4) and the 
relative SUR of the last measurements at stages 2, 3 and 4 were 187%, 210% and 232%, 
respectively.  
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Figure 6-4 The H2S uptake profiles of a coupon (previously exposed to 15 ppm, 100% 
relative humidity and 22-25°C for 42 months) in a H2S uptake test with various high loads of 
H2S and the corresponding relative SUR at 15, 70, 120 and 170 ppm were shown in Figure A. 
The H2S uptake profiles of the same coupon in the other test and the corresponding relative 
SUR was shown in Figure B. The corresponding relative SUR in Figure A and B against H2S 
concentration is shown in Figure C. Different stages of the experiment are listed (1 to 4) 
above the plotted data on Figure A and B and the linear regression of relative SUR at each 
stage shown in Figure A and B was also described by the equation aside. The error bars in 
Figure C represent standard deviations.   
 
The results demonstrate that an abrupt increase of the H2S level led to gradual decrease of 
SUR at the elevated H2S level whereas an abrupt decrease of H2S resulted to gradual increase 
of SUR at the lowered H2S level. This suggests that during the periods of high load of H2S 
various factors, including the storage of S
0
 in the corrosion layer and the inhibition of SOB 
activity due to high H2S and/or temporary acid surge, may cause the observed gradual 
decrease of SUR, which is consistent with the results and explanations given in the above 
sections. The SUR recovery observed after the high load periods could be explained by the 
gradual consumption of the previously accumulated S
0
 and the reduced inhibition of SOB due 
to the lower H2S level and/or the neutralisation of acid by alkaline concrete components. 
Compared to the trend of SUR at stage 2 in Figure 6-4A, the decrease of SUR at stage 2, 3 
and 4 in Figure 6-4B is much less prominent, indicating that the greater the change of the H2S 
levels, the more obvious the change of the SUR at the new higher H2S level seems to be. 
In addition, the relative SUR at both 70 and 120 ppm in Figure 6-4A were much lower than 
those shown in Figure 6-4B (summarized in Figure 6-4C). Therefore, it is reasonable to 
speculate that the previous very high load of the coupon with H2S at stage 2 (Figure 6-4A) 
has significantly inhibited the biological sulfide oxidation activity for some extended period 
(hours), which is also supported by the results shown in the previous sections. Similar 
phenomena were also observed in a repeat experiment on a pre-corroded coupon with a much 
higher absolute SUR than the one shown here  (Figure S6-3 in SI). 
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6.3.3 Effect of high H2S loads on coupons with different exposure history 
The effects of the high H2S concentrations on coupons with different H2S historic exposure 
levels were compared. Figure 6-5 shows the values of α (as defined in Equation 6-1) plotted 
against the high H2S level in each uptake test. For all the three coupons, the values of α 
increased with the increase of the high H2S load level although the incremental increases of α 
were smallest and largest for the coupons previously exposed to 50 and 5 ppm of H2S, 
respectively. This indicates that the value of α and the historical exposure level of H2S of 
concrete coupons are inversely correlated, partly due to that the baseline SUR is much lower 
for 5 ppm coupon compared to 50 ppm coupon. In addition, it suggests that the lower the 
historical exposure level of H2S, the more sensitive the H2S uptake of the coupon is towards a 
high H2S load. This is reasonable as the SOB adapted to continuously higher levels of H2S 
have a much higher activity and therefore are less susceptible to the occasional peak levels of 
H2S. 
 
Figure 6-5 The α values (dot) of coupons previously exposed to 5, 15 and 50 ppm of H2S in 
corrosion chamber for 39 months were plotted against the high level of H2S in each uptake 
test. Each line shows the linear regression based on the α values of each coupon and was also 
described by the equation aside.  
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Interestingly, the values of α were below 1 for all coupons when the high levels of H2S were 
around 1.5 to 2 times of the baseline H2S levels. This suggests that during the exposure to 
modest H2S loads the coupons may actually have a lower H2S uptake rate compared to that 
under constant H2S baseline conditions. Extrapolating this finding to a specific section of real 
sewer pipe with active corrosion layers, it would suggest that the occurrence of relative low 
H2S peak levels due to short-term pumping events may not cause any additional H2S uptake, 
but may even result in a slightly lower level of H2S uptake compared to a situation with a 
steady H2S level having the same average H2S concentration. On the contrary, having periods 
with high H2S loads when the baseline levels are low (e.g. 5 ppm), will result in the highest 
levels of sulfide uptake amounts. Therefore, these conditions with extremely high H2S levels 
should be avoided to minimize H2S flux and thus corrosion activity and prolong sewer life. 
6.3.4 Implications 
This study reveals that the presence of occasional high H2S levels in sewer atmosphere has an 
inhibitory effect on H2S uptake by sewer concrete. Estimating the H2S uptake simply based 
on the average H2S level will therefore cause an overestimation of the H2S uptake and hence 
the corresponding corrosion rate if there are significant fluctuations in the gas phase H2S 
concentrations, which is commonly the case. For example, calculating the mass of H2S taken 
up by a concrete pipe over 24 h based on the SUR at the average H2S concentration may lead 
to an overestimation of theH2S uptake compared to an integration of the actual SUR over 
time. It is due to the following two reasons. First, the SUR follows a n
th
 order relative to the 
H2S concentration with n being below 1 (Sun et al., 2014; Vollertsen et al., 2008), which 
indicates that the average SUR over the 24 h is smaller than the SUR at the average H2S 
concentration. Second, the actual average SUR is smaller than the average SUR over 24 h 
due to the fact that the SUR at low H2S levels is affected by the inhibition effect from 
preceding high H2S load events. 
The total sulfide uptake by a concrete surface over seven days exposed to Sydney sewers 
calculated based on the real H2S profile and the average H2S level (i.e. 5.2 ppm)  was 722 and 
766 mg-S m
-2
 respectively, suggesting that the calculation from the average H2S level 
resulted to an overestimation of at least 5.8%. Therefore, a correction factor will need to be 
implemented when calculating the H2S uptake based on SUR at average H2S level. However, 
since the reduction in SUR will directly depend on the actual high H2S load profile and the 
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exposure history of the concrete, the correction factor will need to be determined on a case-
by-case basis using the actual or expected H2S profiles.  
6.5 Conclusions 
This study demonstrates that: 
 The high H2S load events decrease the SUR of concrete coupons.  
 Sequential exposures to elevated H2S levels have cumulative impact on the SUR.  
 The historical H2S exposure levels have impact on the sensitivity of the SUR towards 
high H2S load events.  
 The corrosion rates estimated purely on the average H2S concentrations may cause 
overestimation.  
6.6 Supplementary information 
The background SUR follows first order (R
2
=0.9998) towards the gaseous H2S concentration 
(also shown in the previous study (Sun et al., 2014)) and can be expressed as:  
2H S,background 2 2
32g / mol V
r k [H S] a [H S] 101.325KPa
RT S
                                (S6-1)                                                                                      
2H S,background
r is background SUR (mg-S m-2 h-1), ), k  is rate constant (mg-S m-2 h-1 ppm-1, k 
was found to be 0.13 mg-S m
-2
 h
-1
 ppm
-1
 in this study), a is the rate constant with the unit of 
h
-1
, 2[H S]  is gaseous H2S concentration in the uptake reactor (ppm), R is the universal gas 
constant (J k
-1
 mol
-1
), T is the absolute temperature (K), V is the total gas volume in the 
reactor (m
3
, 0.000145 m
3
 in this study), S is the concrete surface exposed to the reactor 
atmosphere (m
2
, 0.00905 m
2
 in this study). 
 
spike 2 spike,e 2 baseline,e background
32g / mol
T ([H S] [H S] ) 101.325KPa V T
RT
                 (S6-2) 
spikeT is the mass of H2S transfer from reactor atmosphere to the concrete coupon over the 
experimental period of a specific ‘spike’ test (mg-S), 2 spike,e[H S] is the spike H2S 
concentration in the specific ‘spike’ test (ppm), 2 baseline,e[H S] is the historical exposure 
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concentration of H2S of the coupon (ppm), backgroundT is the mass loss of H2S due to 
background H2S uptake by the reactor alone (without the concrete coupon) over the specific 
‘spike’ test (mg-S, see the details of calculation in Equation S6-3). 
 
n
background 2 i 2 i 1
i 1
32g / mol
T a ([H S] [H S] )*101.325KPa V 0.5 t
RT


              (S6-3)     
i  is ith measurement of gaseous H2S concentration in uptake reactor in the specific test; 
 is the gaseous H2S concentration in uptake chamber at the i
th
 measurement, n is the 
number of measurements of gaseous H2S concentration over the specific test, ∆t is the time 
interval between two measurements of H2S concentration (h).  
 
baseline baseline baseline
32g / mol
T SUR S t r 101.325KPa V t
RT
                             (S6-4) 
where baselineT is the mass of H2S transfer to the same coupon over the periods equivalent to 
that of the specific ‘spike’ test and when exposed to historical H2S exposure levels (mg-S), 
baselineSUR is the surface specific SUR of the coupon (background SUR had been deducted 
from it) at its baseline H2S concentration measured in a ‘control’ test (mg-S m
-2
 h
-1
), baseliner is 
the corresponding H2S uptake rate of coupon in the unit of ppm h
-1
, t is the duration of a 
‘spike’ test (h, note here 
n
i 1
t t

   ).  
 
 
 
 
 
 
2 i[H S]
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Table S6-1 Details of H2S in reactor atmosphere and liquid layer of concrete surface at 15 
ppm and 150 ppm of gaseous H2S 
H2S concentration in atmosphere (ppm) 15 150 
H2S mass in atmosphere (mg-S) 0.029 0.29 
H2S mass in liquid layer H2S (mg-S)  0.0017 0.017 
(H2S mass in atmosphere)/(H2S mass in liquid layer and atmosphere) 5.5% 5.5% 
H2S concentration in liquid layer (mg-S L
-1
) 0.049 0.49 
 
The results in Table S6-1 are based on the assumption that the concrete coupon has a water 
layer of 5 mm and that the H2S achieves equilibrium in atmosphere and the corrosion layer.  
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Figure S6-1 Gaseous H2S concentrations monitored in a manhole at Melbourne’s Western 
Trunk Sewer from 5
th
 April 2011 to 11
th
 April 2011 and at Queensland’s Sunshine Coast 
region from 25
th
 June 2014 to 1
st
 July 2014 is shown in Figure A and B respectively.  
A 
B 
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Figure S6-2 The temporal H2S uptake profiles of a coupon (exposure history: 15 ppm H2S, 
22-25 °C, 100% relative humidity for 53 months) and the corresponding relative SUR in a 
control experiment over 3 h. 
 
Figure S6-3 The relative SUR of a coupon previously exposed to 15 ppm for 38 months at 
various H2S levels against H2S concentrations in two independent tests (shown as test 1 and 
2). Test 1 has a rapid initial increase of H2S concentration whereas test 2 has a gradual 
increase of H2S concentration. 
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Chapter 7 Periodic deprivation of gaseous H2S affects the sulfide uptake by 
corroding sewer concrete 
7.1 Introduction 
Detailed knowledge of H2S uptake by concrete surfaces is critical and largely unknown 
(Apgar and Witherspoon 2007). The gaseous H2S concentrations vary temporally due to 
diurnal, seasonal and other periodic events, particularly, the periodical pumping events 
affects the hydraulic retention time of sewage in the pressure pipe and thus the subsequent 
gaseous H2S concentrations in the gravity pipe (Gutierrez et al., 2012; Sharma et al., 2008; 
Wells and Melchers 2014). However, the influence of these variations on H2S uptake process 
is largely unknown. 
As reported recently (Sun et al., 2015b), H2S peak concentrations generate proportionally 
slower SURs, possibly due to temporary storage of elemental sulfur (S
0
) and acid surge in the 
corrosion layer. Low H2S concentrations (sometimes even close to 0 ppm H2S) typically 
occur when the flow rates are high, reducing the hydraulic retention time and hence the 
sulfide production. The effect of these low-concentration periods on the SUR of the concrete 
pipe and thus the corrosion rate is unknown. To address this knowledge gap, this study 
investigated the effect of lowering the gaseous H2S concentrations (deprivation) on the SUR 
of concrete coupons. The effect this deprivation had on the concrete SUR was also 
determined under varying gaseous O2 concentrations. 
7.2 Materials and methods 
7.2.1 Corrosion chamber incubation of the concrete coupons 
A corrosion chamber was built for the long-term incubation of the concrete coupon (Joseph et 
al., 2010). The chamber atmosphere was controlled at 50 ppm H2S, 100% relative humidity 
and 22 – 25 °C (see details of chamber in section 4.1.2). The concrete coupon was cut from 
concrete slab previously part of a sewer wall for approximately 70 years in Sydney (Sydney 
Water Corporation, Australia, see details of concrete coupon in section 4.1.1). 
7.2.2 Experimental procedure 
Coupon H2S uptake measurements 
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After being incubated for 28 months, the coupon was retrieved from the corrosion chamber 
and mounted in an uptake reactor (100% relative humidity) to determine the SUR at baseline 
H2S concentration (i.e. 50 ppm) as previously described (Sun et al., 2014). Briefly, gaseous 
H2S (i.e. air as the carrying gas) generated from a bottle containing acid (16% HCl) and Na2S 
solution was injected into the reactor to about 65 ppm. Then, H2S uptake profiles in the 
reactor were monitored by a H2S detector (App-Tek OdaLog
®
 Logger L2, range of detection 
is 0-200 ppm). 
The effect of H2S deprivation on SUR 
Initially the baseline SUR at 50 ppm H2S was repeatedly determined over 0.5 h (stage 1). 
After exposure to 0 ppm H2S for 1 h, the coupon SUR was measured again with the H2S 
concentration returned to 40-65 ppm for 0.5 h (stage 2). The exposure of the coupon to 0 ppm 
H2S for 1 h and then to 40-65 ppm H2S for 0.5 h was repeated three times to repetitively 
measure the SUR after deprivation of H2S (stages 3, 4 and 5). Using the same procedure, the 
SUR of the coupon was measured after 12 h deprivation of H2S to examine the effect of 
relative long-term deprivation of H2S on the SUR (stage 6). Finally in stage 7 the SUR was 
determined after deprivation time of 1 h. The coupon was then returned to the chamber before 
being used for the subsequent tests. The values of the deprivation time and re-addition time 
are within the range of those observed in real sewers.  
The effect of O2 on coupon SUR 
A second test was conducted on the same coupon to determine the impact of O2 concentration 
during the deprivation of H2S. This was carried out by comparing the SUR after only H2S 
deprivation with that after deprivation of both H2S and O2. After determining the baseline 
SUR at 50 ppm over 0.5 h (stage 1), the coupon was exposed to humidified air without 
gaseous H2S for 1 h. This was achieved by flushing the reactor with humidified air (prepared 
by passing air through a humidifier consisting of an air stone and Milli-Q water) for 5 min 
and then isolating the reactor. Then the SUR was determined at 50 ppm over 0.5 h (stage 2). 
Following that the coupon was exposed to humidified N2 gas during a 1 h deprivation of H2S. 
This was achieved by sparging the reactor with humidified N2 for 5 min, storing the sealed 
uptake reactor in a larger box continuously flushed with N2
 
gas for 53min (to mitigate the 
potential penetration of O2 into the reactor) and then aerating the reactor with humidified air 
for about 2 min. Following that the SUR was determined at 50 ppm H2S over 0.5 h (stage 3). 
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Coupon SUR measurements were determined again, as done for stage 2 and 3, after 
deprivation of H2S in the presence (stage 4 and 6) and absence of oxygen (stage 5). 
7.3 Results and discussion 
7.3.1 The H2S deprivation temporarily increases the SUR of the corrosion layer 
H2S uptake profiles and the corresponding SUR at 50 ppm were determined for the corroding 
concrete surface during several periods of H2S deprivation (Figure 7-1A). The baseline SUR 
repeatedly measured at stage 1 was relatively constant at 168.9 ± 1.1 mg-S m
-2
 h
-1
 (Figure 7-
1A). The deprivation of H2S for 1 h caused an increase of the half-hour averaged SUR at 
stage 2 by 2.1% (the value of p is 9.3 × 10
-4
) (Figure 7-1B). Even more pronounced increases 
of average SURs were observed after further periods of H2S deprivation at the following 
stages (p=6.1 × 10
-4
). Specifically, at stages 3, 4 and 5, the average SUR were 4.8%, 3.5% 
and 4.7% higher than the baseline SUR, respectively. 
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Figure 7-1 (A) The H2S uptake profiles (solid line) and the corresponding SUR (triangles) 
are shown of a coupon previously exposed to 50 ppm H2S, 100% relative humidity and 22 – 
25 °C for 28 months. The numbers above the figure represent the stages of the test (see 
explanation in text). (B) The box-plots of the normalized SUR as the percentage of the SUR 
at each stage relative to the baseline SUR (dashed line) and the average of the normalized 
SUR at each stage (red diamond). 
 
Interestingly, however, the longer-term deprivation of H2S for 12 h led to a temporary 
decrease of SUR at stage 6 (p=0.044), that was on average 1.2% lower than the baseline SUR 
(Figure 7-1B). This was then followed by a marked increase of the SUR at stage 7 (p=2.6 × 
10
-10
), reaching an average SUR that was 7.6% higher than the baseline. 
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The temporary increase of the SUR following the deprivation of H2S for 1 h may be due to 
that the oxidation of sulfur species within the corrosion layer is limiting the H2S uptake 
process. For instance, S
0 
was reported to be produced, temporarily stored during sulfide 
oxidation and part of these S
0 
could be competitive with sulfide as electron donors for SOB 
(Jensen et al., 2009). In this case, the lack of H2S supply during the short-term deprivation 
could cause the S
0 
concentrations in the corrosion layer to decline (as oxidation continues in 
the presence of oxygen). Once the gas-phase H2S supply is replenished, a more rapid H2S 
transfer from the gas-phase to the corrosion layer may be caused by the lower S
0 
concentration in the corrosion layer. This explanation is also supported by the fact that the 
SUR clearly declines during each 0.5h experimental period, indicating a recovery of the S
0
 
concentrations in the corrosion layer. While the first or second SUR measurement in each 
H2S re-supply phase is typically the highest (up to 10% higher than baseline SUR), the rapid 
reduction of the SUR over the following 20-30 minutes would support the initial hypothesis 
that the H2S uptake is limited by the sulfur species (e.g. S
0
) oxidation rate within the layer. 
The opposite change in the SUR after the 12-h deprivation may be due to a reduced 
biological activity after the extended “starvation” as the available sulfide and other reduced 
sulfur species would be largely consumed. Once sulfide is available again, the SUR is 
initially diminished due to the reduced biological activity. The uptake rate is then rapidly 
restored to its baseline level during the 0.5 h SUR measurement period at stage 6. After re-
activation of the biological processes, a rapid rise to the highest SUR levels observed is 
evident after the following deprivation period (stage 7). A similar trend of decline of 
microbial sulfide oxidizing activity has been observed in a suspension of SOB after 
experiencing H2S starvation for up to several months (Jensen et al., 2008). Specifically, the 
bacterial activity decreased at the rate of 40% per month during the initial two months and 
stabilized afterwards. Similarly, in that study the sulfide oxidizing activity rapidly restored 
after re-exposure to H2S (Jensen et al., 2008). 
7.3.2 The impact of O2 deprivation on the H2S deprivation effects 
The coupon baseline SUR at stage 1 during this second measurement was 111.7 ± 0.7 mg-S 
m
-2
 h
-1
 (Figure 7-2A), which was lower than that in the previous test (Figure 7-1A). The 
lower activity probably resulted from the repeated coupon retrievals causing some water loss 
from the corrosion surface. As this study investigated the effect of H2S deprivation on SUR, 
such variations of the absolute SUR values are not expected to have any significant impacts 
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on the results and the conclusions drawn. To minimize the impact of such variations caused 
by the coupon status, the SUR comparisons were made based on normalized percentages of 
relative changes as shown in Figure 7-2B. 
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Figure 7-2 (A) The H2S uptake profiles (solid line) and the corresponding SUR (triangles) 
are shown of a coupon previously exposed to 50 ppm H2S, 100% relative humidity and 22 – 
25 °C for 28 months. The numbers above the Figure represent the stages with deprivation of 
H2S only or stages with deprivation of both H2S and O2. These stages are also labelled ‘Air’ 
and ‘N2’, respectively. (B) The box-plots of the normalized SUR values at each stage relative 
to the baseline SUR (dotted line) and the average of the normalized SUR at each stage (red 
diamond) are shown. 
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Consistent with the results of the previous test (Figure 7-1A), the deprivation of H2S for 1 h 
in the presence of oxygen caused a 2.9% increase of the SUR at stage 2 (Figure 7-2B). 
Similarly, the SUR at stages 4 and 6 (also when O2 was available) increased by 7.1% and 5.1% 
over the baseline SUR, respectively. These results concur with those of the previous 
experiments, providing further support of the findings discussed above, and confirming 
limited impact of the change in absolute SUR values between these different experiments. 
When the coupon was deprived of H2S for 1 h in the absence of O2, a notably different pattern 
was observed (stages 3 and 5 in Figure 7-2). The SUR at stage 3 was 0.8% lower while at 
stage 5 it was 1.7% higher than the baseline SUR, but in both cases it was significantly 
(p=3.8 × 10
-7
) lower than the preceding and following SUR tests in the presence of oxygen 
(Figure 7-2B). Overall, the SUR measured after the short-term deprivation of both H2S and 
O2 is very similar to the baseline SUR, which is lower than those measured after the short-
term deprivation of H2S alone (p=3.8 × 10
-7
). 
Given the pivotal role of O2 in the oxidation of sulfur species in the corrosion layer, the above 
results confirm that these oxidation processes have a key influence on the H2S uptake kinetics 
by the corroding concrete coupon. This therefore further supports the notion that the 
oxidation of dissolved sulfur species is the rate limiting step of the overall process.  
7.4 Conclusion 
This study demonstrates that: 
 The short-term (i.e. one hour) and long-term (i.e. twelve hours) deprivation of H2S 
caused temporary increase between 4-7% and decrease of SUR at ~1%, respectively.  
 The short-term deprivation of both H2S and O2 cause no significant impact on the 
SUR.  
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Chapter 8 Improved understanding of sulfide oxidation processes important 
in sewer concrete corrosion 
8.1 Introduction  
This study aims to gain an improved understanding of sulfide oxidation processes in the 
corrosion layer of concrete sewers, and it will focus on processes and factors not addressed in 
previous work. To achieve this purpose, tests were performed on suspended solutions of a 
corrosion layer scraped from a concrete coupon surface that was previously exposed to 15 
ppm of H2S gas at 22 – 25 ᵒC and 100% relative humidity for 41 months. The kinetics and 
stoichiometry of sulfide oxidation in the solution prior to and after autoclaving were 
repeatedly determined. In addition, the effect of DO levels on sulfide oxidation was examined. 
To identify the potential shift of dominant microbial communities due to incubation, the 
community compositions were compared between the corrosion layer and the suspended 
corrosion layer after incubation. The findings were collectively synthesized to delineate a 
conceptual model of sulfide oxidation by corroding concrete sewers.  
8.2 Materials and methods 
8.2.1 Concrete coupon and H2S uptake measurement 
A pre-corroded concrete coupon with a exposure history of 15 ppm H2S, 100% relative 
humidity, 22-25°C for 41 months was used in this experiment. The H2S uptake activity of the 
coupon was measured by retrieving the coupon from the chamber and immediately mounting 
it onto the H2S uptake reactor for the H2S uptake measurements. After injecting gaseous H2S 
into the reactor to the level of about 160 ppm, the reactor was isolated and sealed to allow the 
monitoring of H2S uptake profiles. Triplicate H2S uptake measurements were carried out. 
After the measurement, the coupon was placed back into the corrosion chamber for re-
exposure.  
8.2.2 Sulfide oxidation in the suspended solution of corrosion product 
8.2.2.1 Characteristics of the coupon corrosion layer 
The coupon retrieved from the corrosion chamber was characterized using various analyses 
(Figure 8-1).  The surface pH was determined through averaging the pH of four independent 
measurements performed on the coupon surface. The concentration of elemental sulfur in the 
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corrosion layer were analysed using a previously described method (Joseph et al., 2012). To 
determine the microbial community composition, 2.0 g of corrosion product was scraped 
from concrete surface and this was used for DNA extraction and PCR amplification as 
described in section 8.2.3. To further determine sulfide oxidation activity, about 5.0 g of 
corrosion product was scraped from the concrete surface area of around 0.0008 m
2
 for further 
tests as described in the following section (Figure 8-1). 
Stainless steel casing
Epoxy fitting
Concrete coupon
Scraped area
 
Figure 8-1 The surface of the embedded concrete coupon after exposure to sewer conditions 
of 15 ppm H2S gas, at 22 – 25 ᵒC for 41 months in the corrosion chamber. 
 
8.2.2.2 Measurement of sulfide oxidation in the suspended solution 
The surface pH of coupon was 2.8 ± 0.2 and the 5.0 g of scraped corrosion product was 
suspended in an autoclaved nutrient solution (pH adjusted to 2.8) in a 330 mL sealable 
gastight reactor (Figure 4-4). The details of the suspended solution reactor setup were 
described in section 4.4.  
Before examining sulfide oxidation the background DO consumption by the reactor solution 
was monitored. This was carried out by aerating the reactor solution to a DO level of about 
8.6 mg L
-1
 and monitoring the DO consumption profile over 48 hours until the consumption 
rate was constant. The background oxygen uptake rate (OUR) was calculated from the 
monitored DO consumption profile. 
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Following that, the oxidation of sulfide within the reactor solution was determined in 
repeated tests. For a typical test, the reactor solution was aerated to a DO level of around 8.0 
mg L
-1
 and sodium sulfide stock solution (about 293 mg L
-1
, prepared by dissolving sodium 
sulfide into de-aerated Milli-Q water) was added into the reactor to a level of around 0.8 mg-
S L
-1 
through the feeding port using a needle connected to a syringe. Under equilibrium 
conditions at 22 °C, this will correspond to about 250 ppm of H2S in the gas phase, which is 
similar but slightly higher than the maximum gaseous H2S level applied in the gaseous SUR 
measurements described above (section 8.2.1). The DO and sulfide uptake profiles were 
monitored in the solution. The stoichiometry of sulfide oxidation was assessed in terms of the 
reaction coefficient according to: 
sulfide,oxidation
b
R
a
 ,                                                                                         (8-1) 
Where sulfide,oxidationR is the reaction coefficient [mol of S (mol of O2)
-1
] and a and b are 
stoichiometric coefficients (i.e. 2aHS bO products
   ).   
After 7 days incubation, 5 mL of the reactor solution was taken for DNA extraction and PCR 
amplification as described below. 
8.2.2.3 Determining the effect of DO on sulfide oxidation 
To determine the influence of DO levels on sulfide oxidation, the H2S and DO uptake profiles 
at various DO levels were measured. The reactor solution was aerated to 7.0 – 8.0 mg L-1 and 
sodium sulfide stock solution was added to the level of about 0.5 – 0.6 mg-S L-1. Once the 
H2S level in reactor solution decreased to 0 mg-S L
-1
, sodium sulfide was added again to the 
level of about 0.6 mg-S L
-1
. This repeated injection of sodium sulfide stock continued until 
the DO level of reactor solution decreased to 0 mg L
-1
. 
To monitor the H2S uptake profiles in the absence of DO, sodium sulfide was added to the 
reactor solution to the level of about 0.6 mg-S L
-1
 when the DO level of reactor solution was 
0 mg L
-1
. 
8.2.2.4 Assessing the chemical oxidation of sulfide 
The importance of chemical oxidation of sulfide by the corrosion layer solution was 
determined by performing sulfide oxidizing tests on autoclaved reactor solution (ARS) 
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(autoclaved at 120 °C for 20 mins). This was carried out by setting up the reactor with ARS, 
aerating the ARS to the DO level of around 8.0 mg L
-1
, injecting sodium sulfide stock 
solution to the reactor to the level of around 0.4 mg-S L
-1
 and monitoring the DO and H2S 
consumption profiles. 
To determine the potential catalysing effect of particles in the corrosion product on chemical 
oxidation of sulfide, sulfide oxidizing tests were performed successively on ARS after the 
removal of particles by centrifugation (10, 000 rpm, 10 min and taking the supernatant as 
reactor solution), ARS with removal of particles through filtration (Millex-GP Filter, 0.22 μm, 
Merck Millipore) and autoclaved nutrient solution (ANS). The procedures of sulfide 
oxidizing tests on those solutions were the same as that on ARS. 
The concentration (soluble forms) of elements within ARS, centrifuged ARS, filtered ARS 
and ANS was determined by Induced Coupled Plasma – Optical Emission Spectrophotometry 
(ICP-OES, Perkin Elmer Optima 3300DV). ICP-OPS analysis was conducted on the samples 
after adding 1 mL of nitric acid (70%) to 0.2 mL of sample taken from reactor solution and 
8.8 mL MilliQ water.  
8.2.3 Microbial community and biological activity analysis 
For DNA extraction and sequencing each sample was transferred to a 50 mL falcon tube 
containing a sodium pyrophosphate solution (0.2%, pH adjusted to 2.8 by titration of 1 M 
H2SO4) to a total volume of 25 mL. After sonication at 4 °C and at 65 kHz (Branson Sonifier 
250) for 1 min, the sample was carefully transferred onto 25 mL of sucrose solution (1330 g 
L
-1
) and centrifuged (Eppendorf, Centrifuge 5801R) at 5500 x g, at 4 °C for 2 mins with slow 
acceleration  (3) and deceleration (3). The upper solution containing the microbial cells was 
transferred into a 50 falcon tube and centrifuged at 18,000 xg, at 4 °C for 5 min. The 
supernatant was removed and the sucrose was washed from the cell pellet using a NaCl 
solution (0.8%, pH adjusted at 2.8 by titration of 1 M H2SO4). The pellet was used for DNA 
extraction using the manufacturers protocol (FastDNA
TM
 SPIN Kit for Soil, MP Biomedicals). 
The extracted DNA was stored at -80 °C prior to sequencing. The 16S rRNA genes were 
amplified and sequenced as previously described (Engelbrektson et al., 2010). Briefly, DNA 
was amplified using universal fusion primers 926F - 1392R. The amplicon library was 
purified and sequenced using the Genome Sequencer FLX Titanium pyrosequencer (Roche, 
USA). The DNA sequence reads were analysed as previously described (Cayford et al., 2012). 
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To determine the changes of biological activity during the incubation of reactor solution, 
ATP levels of reactor solution were determined intermittently (see details of the measurement 
in section 4.2.6).  
8.3 Results and discussion 
8.3.1 Sulfide oxidation by the suspened solution of corrosion product 
A relatively constant background OUR of 0.023 mg L
-1
 h
-1
 was detected in the suspended 
corrosion layer and this is likely due to the slow oxidation of sulfur species already existing 
in corrosion biofilm. Upon the first
 
addition of sulfide (Figure 8-2A, B), the OUR 
immediately increased to 0.28 mg L
-1
 h
-1
, which was one magnitude larger than the 
background OUR. Therefore, the background OUR was neglected when measuring OUR due 
to sulfide oxidation. As the reactions continued the OUR gradually increased to 0.48 mg L
-1
 
h
-1
 and the SUR fluctuated at 0.44 ±  0.03 mg L-1 h-1(Figure 8-2B). Upon the complete 
consumption of H2S, the value of sulfide,oxidationR  (i.e. the mol ratio between consumed oxygen 
and consumed hydrogen sulfide) was 0.84, suggesting the formation of intermediates, such as 
elemental sulfur and thiosulfate. 
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Figure 8-2 Sulfide and oxygen uptake profiles in tests performed on day 3 (1
st
 addition), 6, 
13, 15, and 20 are shown in panels A, C, E, G and I respectively and the corresponding 
sulfide and oxygen uptake rates are shown in panels B, D, F, H and J respectively. The rates 
in B, D, F, H and J were calculated based on the linear regression of data from panels A, C, E, 
G and J over 2 mins, respectively. 
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Oxygen consumption continued in the absence of H2S. The OUR slightly decreased to 0.38 
mg L
-1
 h
-1
, remained at this level for about 4 h and then gradually decreased to 0 mg L
-1
 h
-1
 
within 2 h (Figure 8-2B). This clearly indicates the further oxidation of sulfur species after 
complete depletion of H2S. The overall sulfide,oxidationR  for the test shown in Figure 8-2A was 
2.79, which is much higher than that expected for the complete oxidation of sulfide to sulfate. 
In the repeated tests (Figure 8-2 B, D, F, H and J) it was consistent that sulfide was not fully 
oxidized to sulfate as long as H2S existed and that further oxidation, likely of sulfur 
intermediates, occurred in the absence of H2S (Figure 8-2 D, F, H and J). 
Overall, the average sulfide,oxidationR of all the tests shown in Figure 8-2 prior to complete 
depletion of H2S and over the whole period of each batch was 1.24 ± 0.35 and 2.57 ± 0.31, 
respectively. Consequently, excess consumption of DO (i.e. sulfide,oxidationR  > 2) during the 
sulfide oxidation was found in all tests. Similarly, a high  sulfide,oxidationR  value (i.e. 2.24) was 
reported in a previous study on sulfide oxidation of a suspended solution of corrosion product 
with pH at about 1 (Jensen et al., 2011). However, no reasonable interpretation of the excess 
oxygen consumption was given. Based on the results described above and the successful 
detection of elemental sulfur (2.8 mg-S (g of corrosion sample)
-1
) in the corrosion product in 
our study, the high sulfide,oxidationR could be explained in that the sulfide oxidation occurs in the 
following pathway:  
(1) The supplied H2S and biologically produced elemental sulfur (more hydrophilic than 
chemically produced elemental sulfur (Kleinjan et al., 2003)) historically existing in 
the corrosion product was taken up by the microorganisms through (Kleinjan et al., 
2005a): 
0 2
xHS (x 1)S S H
     ,                                                          (8-2) 
(2) The intracellular 
2
xS

 was then oxidized (Kleinjan et al., 2005b) intracellular 
2
xS

 was 
then oxidized (Kleinjan et al., 2005b): 
2 2 0
x 2 2 3S 1.5O S O (x 2)S
     ,                                                     (8-3) 
(3) The 
2
2 3S O

produced was then further oxidized to sulfate: 
2 2
2 3 2 2 4S O 2O H O 2SO 2H
      , G 211kcal   ,                   (8-4) 
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According to this pathway, the theoretical ratio of consumed oxygen to consumed sulfide is 
3.5 which is slightly higher than that in our result. Possibly, part of the supplied sulfide was 
oxidized following this pathway, regenerating elemental sulfur like that that originally existed 
in the corrosion product.  
8.3.2 Development of sulfide oxidizing activity during incubation 
Both the SUR and ATP level increased gradually with continuous incubation. Specifically, 
the SUR and ATP on day 6, 13, 15, and 20 was 2.0, 2.6, 3.9 and 5.0 mg L
-1
 h
-1
 respectively 
(Figure 8-3A) and 3.0 ± 0.2, 5.2  ± 1.8,  6.5 ± 0.6 and 6.3 ± 0.2 nM respectively. The increase 
of SUR and ATP level implies increased microbial energetics and likely growth during the 22 
days of incubation. 
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Figure 8-3 The SUR measured in repeated tests on the reactor corrosion layer solution over 
22 days (A), and the relative abundance (%) of microbial types detected in the corrosion layer 
and the reactor solution (at 7 days incubation) (B). Only genera with an average abundance 
of >0.5% in at least one sample are shown. 
 
The microbial community analysis indicated that the main genera in the corrosion layer were 
Ferroplasma, Acidithiobacillus and Acidiphilium with the relative abundances of 44.83%, 
41.21% and 5.54% respectively (Figure 8-3B). These are microbial types that would be 
expected in acidophilic sulfur oxidizing environments (Vinke et al, 2001), although the 
A 
B 
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presence of Ferroplasma is interesting as these are not currently known for sulfur oxidizing 
activity (Tyson et al., 2004).  Similarly, these were the main genera in the reactor solution 
after 7 days of incubation, although the relative abundance of Ferroplasma, Acidithiobacillus 
and Acidiphilium changed to 25.80%, 50.81% and 16.77% respectively. It indicates that the 
microbial communities in the reactor solution after 7 days of incubation were similar to those 
of the corrosion layer prior to incubation. Based on the similarity of communities this 
suggests that the microbially induced sulfide oxidation occurring in the reactor solution was 
similar to that occurring in the coupon corrosion layer.  
8.3.3 The effect of DO on sulfide oxidation 
H2S and DO uptake profiles were determined for various DO levels, i.e. from 7.7 to 0 mg L
-1
, 
in the suspended corrosion layer after 20 days of incubation (Figure 8-4A). Upon the first 
injection of sulfide into the reactor, there was a linear increase of SUR for the initial 8 mins. 
No such large increase of SUR was seen in the following injections of sulfide. It strongly 
suggests there is an induction period at the start of sulfide oxidizing activity. This is similar to 
those shown in Figure 8-2 where for most tests, the initial SUR was relatively low and 
gradually increased to constant levels within a few minutes. One explanation for this is that at 
the start of reaction, the microbes need to adapter to the condition with the sudden presence 
of the substrate sulfide. Another possibility is that the sulfide is reacting with metals (e.g. 
Fe
2+
, Fe
3+
 and Cu
2+
) to produce polysulfide or metal sulfide (MHS
-
).  The continuing 
formation of polysulfide or MHS
-
 leads to gradual increase of the SUR as the rate for 
oxidizing polysulfide or MHS
-
 is higher than that for oxidizing sulfide (Vazquez et al., 1989). 
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Figure 8-4 H2S and and DO uptake profiles at various DO levels (A) and the corresponding 
H2S uptake rates (B) measured in the suspended solution of corrosion layer after 20 days of 
incubation. Insets in Figure A and B show enlarged DO and time scales for the final injection 
of sodium sulfide. 
 
The repeated injection of sulfide accompanies the gradual decrease of DO (Figure 8-4). 
Within the first 4 injections of sodium sulfide (i.e. DO level > 4 mg L
-1
), the SUR increased 
from 2.0 to 5.0 mg-S L
-1
 h
-1
. The slight increase of SUR could be due to the growth or further 
adaptation of sulfide oxidizing bacteria (SOB). However, with further decrease of DO, the 
SUR gradually decreased, suggesting that the low DO levels (DO < 4 mg L
-1
) may supress or 
B 
A 
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inhibit sulfide oxidizing activity. Notably, the SUR was still at about 1.8 mg L
-1
 h
-1
 when the 
DO was lower than 0.1 mg L
-1
. This clearly indicates that sulfide oxidizing activity can occur 
at a significant level even at very low oxygen levels. Upon complete consumption of the DO, 
the SUR abruptly decreased to 0.081 mg L
-1
 h
-1
, which is similar to the infiltration rate of DO 
(0.12 mg L
-1
 h
-1
 according to Equation 8-1). This remaining SUR could be due to either slow 
sulfide oxidation or minor H2S gas leak. 
A previous study shows that the deepest penetration depth of DO into a heavily corroded 
gypsum layer, developed after one year exposure to the sewer atmosphere, is around 500 μm 
(Okabe et al., 2007). From a depth of > 50 μm into the corrosion layer, the DO level was 
below 4 mg L
-1
, which could somewhat supress sulfide oxidation. Therefore, our results 
suggest that sulfide oxidizing activity would mainly occur in the surface of the corrosion 
layer where DO is more sufficient compared to that in inner corrosion layer due to oxidation 
activity and diffusion limitations. However, the extent of sulfide oxidizing activity in deep 
corrosion layer with low DO levels cannot be neglected. 
8.3.4 Detection of chemical sulfide oxidation in the corrosion product 
SUR were detected at different H2S levels from the corrosion product solution after 22 days 
of incubation (Figure 8-5A). This was also performed on the ARS, ARS after removal of 
particles through centrifugation and filtration, and ANS. In order to compare the sulfide 
oxidizing activities among the different solutions, the curves in Figure 8-5A were fitted into 
various models for comparison of the model parameters. Specifically, the SUR by the reactor 
solution followed the Monod equation (Equation 8-5) with respect to H2S levels. In contrast 
the SUR by ARS, ARS after removal of particles through centrifugation and by filtration, and 
ANS all followed the power function with respect to H2S levels (Equation 8-6): 
2
2 2
max
H S 2
d[H S] [H S]
r
dt k [H S]
 

,                                                                              (8-5) 
n2
2
d[H S]
k[H S]
dt
  ,                                                                                            (8-6) 
Where 2[H S]  is the level of molecular H2S in reactor solution (mg L
-1
), t is time after each 
injection of sodium sulfide (h), maxr is the maximum SUR (mg L
-1
 h
-1
), 
2H S
k  is the half 
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velocity constant (mg L
-1
), k is the rate constant (mg L
-1
 h
-1
 (mg L
-1
)
-n
) and n is the reaction 
order (-).  
 
Figure 8-5 The H2S uptake profiles by the reactor solution before autoclaving (after 22 days 
of incubation), after being autoclaved (Autoclaved 1 - 3), after removal of particles by 
centrifugation (Centrifuged 1 - 3) and by filtration (Filtered), and of the autoclaved nutrient 
solution free of corrosion product (A). The elemental concentrations of soluble elements in 
the reactor solution after autoclaving, centrifugation and filtration are shown in Figure B. 
 
Of the kinetic parameters, the measured maximum SUR of the reactor solution was 6.2 mg-S 
L
-1
 h
-1
, which is lower than the calculated value of maxr  6.9 mg-S L
-1
 h
-1
 (Table 8-1). The 
A 
B 
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value of 
2H S
k  was 0.02 mg L-1, indicating the reactor solution can achieve maximum SUR at a 
very low H2S concentration. The values of n and k of ARS, centrifuged ARS, filtered ARS 
and ANS are 1.2, 1.4, 1.7 and 1.1, respectively, and 8.9 mg L
-1
 h
-1
 (mg L
-1
)
-1.2
, 4.7 mg L
-1
 h
-1
 
(mg L
-1
)
-1.4
, 0.3 mg L
-1
 h
-1
 (mg L
-1
)
-1.7
 and 0.05 mg L
-1
 h
-1
 (mg L
-1
)
-1.1
, respectively. The low k 
value indicates insignificant sulfide oxidating activity of ANS. This is reasonable as HS
-
 is 
the actual sulfide species that can be chemically oxidized, and little sulfide in ANS would 
exist as HS
-
 due to the low pH (Millero et al., 1987). Surprisingly, the k of ARS was 
significantly higher than that of ANS and was largely reduced after the removal of particles 
through centrifugation and filtration, suggesting that the insoluble components of ARS may 
play a critical role in catalysing the chemical oxidation of sulfide. This is also supported by 
the fact that despite the huge difference of the k value between centrifuged ARS and filtered 
ARS, there is little difference of the concentration of soluble elements between them (Figure 
8-5B). In addition, it seems that the reaction constant positively correlated with the level of 
insoluble components. 
Table 8-1 Kinetic parameters determined for the sulfide oxidizing activity of suspended 
solution of corrosion product under various conditions. 
Parameters 
Before 
autoclave 
After 
autoclave 
Centrifuged Filtered 
Autoclaved nutrient 
solution (control) 
maxr  (mg L
-1
 h
-1
) 6.9 - - - - 
2H S
k  (mg L-1) 0.02 - - - - 
k (mg L
-1
 h
-1
 (mg 
L
-1
)
-n
) 
- 8.9 4.7 0.3 0.05 
n (-) - 1.2 1.4 1.7 1.1 
R
2
 0.93 0.97 0.74 0.94 0.97 
 
The sulfide,oxidationR  for ARS, centrifuged ARS, filtered ARS and ANS was 1.30 ±  0.18, 0.80 ±  
0.12, 0.085 ±  0.011 and 0.93 ±  0.13, respectively. Obviously, ARS with less particles had 
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lower sulfide,oxidationR , and thus the sulfide was less oxidized. The main oxidation product in 
ANS could be thiosulfate, which coincides with other findings of the chemical oxidation of 
sulfide in water (Nielsen et al., 2003; Sharma and Yuan 2010). 
As mentioned previously, the insignificant sulfide oxidizing activity in ANS is reasonable 
due to the low pH. However, it is surprising to observe the high sulfide oxidizing activity in 
ARS at such low pH. It suggests that the chemical oxidation of sulfide in the acidic corrosion 
layer is non-negligible, although less significant than the biological oxidation of sulfide. 
Similarly, our previous study performed on intact corrosion layer found that about 10 – 20% 
of sulfide oxidizing activity (mainly chemical) remained after inactivating bacteria in 
corrosion product (Sun et al., 2015c). It is possible the metals such as Fe
2+
, Fe
3+
 and Cu
2+
, 
existing in the corrosion product, catalysed the chemical oxidation of sulfide in such acidic 
conditions (Vazquez et al., 1989). Therefore, chemical oxidation of sulfide may play a critical 
role in accelerating sulfide induced concrete corrosion at heavily corroded conditions, which 
has not been previously reported. 
8.3.5 Comparison between gas phase and liquid phase SUR 
The gaseous SUR by the intact concrete coupon and the liquid phase SUR by the suspened 
solution of corrosion product at day 4 were of the same order of magnitude (Figure 8-6). The 
maximum SUR detected in the liquid phase is lower than that in gas phase. Possibly this is 
due to the SOB were at a stagnant stage shortly after being suspended in solution. After 
continuous incubation for a few days, the liquid SUR exceeded the gaseous SUR, this 
possibly due to microbial growth or adaptation of the microorganisms to the incubation 
conditions (Figure 8-3A). 
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Figure 8-6 The gaseous H2S uptake rate (SUR) by intact concrete coupon and the liquid SUR 
by the suspended solution of corrosion product on day 4 (2
nd
 sodium sulfide addition) against 
H2S concentration. 
 
The The gaseous H2S uptake curve was fitted to the power function (Equation 8-6) with n of 
0.74 and the liquid H2S uptake process can be described by the saturation-type kinetics 
(Equation 8-6). Specifically, Figure 8-6 shows that gaseous SUR is lower than liquid SUR at 
low levels of H2S (below 0.2 mg-S L
-1
) whereas gaseous SUR exceeds the liquid SUR at high 
levels of H2S (above 0.2 mg-S L
-1
). This indicates that the gaseous H2S uptake process was 
governed by H2S diffusion when exposed to low H2S levels. At high H2S levels, the gaseous 
H2S uptake process could be limited due to inhibition of SOB by extreme acid conditions. 
8.4 Conclusions 
This study demonstrates that: 
 Sulfide could be oxidized to sulfur intermediates in the continuous presence of H2S 
and these intermediates were then be further oxidized in the absence of sulfide.  
 The kinetics and stoichiometry of sulfide oxidation in suspended solution of 
corrosion product could represent those in corrosion product, due to that the 
dominant microbial communities in corrosion product and suspended solution of 
corrosion product with incubation were in high similarity. 
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 Sulfide oxidizing activity strongly associates with DO levels. 
 Chemical oxidation of sulfide was significant in such acidic conditions, probably due 
to the catalyzing effect of metals in corrosion product.  
8.5 Supplementary information 
To test gas-tightness of reactor setup, batch test was performed with autoclaved nutrient 
solution. Gaseous N2 was sparged into nutrient solution in reactor to strip DO. The infiltration 
of gaseous O2 into the reactor was determined through monitoring changes of DO levels of 
nutrient solution. The relationship between DO infiltration rate and DO levels in nutrient 
solution was found to be: 
DO,infiltration saturation ir 0.015([DO] [DO] ) 0.0042   ,                                                     (S8-1) 
Where  DO,infiltrationr is DO infiltration rate (mg L
-1
 h
-1
), saturation[DO] is saturation level of DO 
(mg L
-1
, here is 8.26 mg L
-1
) and i[DO] is real time DO level in nutrient solution in the 
reactor (mg L
-1
). 
 
 
 
 
 
 
 
 
 
 
 
 
115 
 
Chapter 9 A novel and simple treatment for control of sulfide induced sewer 
concrete corrosion using free nitrous acid 
9.1 Introduction 
As discussed in details in section 2.6, it is still highly required for the development of cost-
effective and environmental friendly methods to control sulfide induced concrete corrosion.  
In a recent effort to control sewer biofilms responsible for sulfide formation, Jiang et al. 
developed a free nitrous acid (FNA) based technology (Jiang et al., 2013; Jiang and Yuan 
2013; 2014). It was seen that the sulfate reducing activity was significantly lowered in both 
laboratory- and full-scale systems due to the bactericidal effect of FNA on the anaerobic 
sewer biofilm (Jiang et al., 2011a; Jiang et al., 2013). The level of the bactericidal effect is 
strongly related to the FNA concentration and the exposure time. Application of FNA at 
concentrations between 0.1 – 0.3 mg HNO2-N L
-1
 for exposure times of 6 – 24 h, reduce the 
viable microorganisms in anaerobic sewer biofilms by 65 – 75% (Jiang et al., 2011b). The 
strong bactericidal effect of FNA at parts per million (ppm) levels is reported in other 
wastewater treatment applications (Wang et al., 2013a).  It’s application is seen to enhance 
the biodegradability of waste activated sludge (WAS) (Pijuan et al., 2012), improve methane 
production in anaerobic digestion of WAS (Wang et al., 2013a) and reduce sludge production 
during biological wastewater treatment (Wang et al., 2013b). Additionally, the bactericidal 
effect of FNA is reported in medical research for the eradication of mucoid bacteria 
responsible for chronic lung infections (Yoon et al., 2006).  
Based on the reported strong bactericidal effects of FNA in various systems, we hypothesize 
that FNA can be applied to deactivate microorganisms in sewer concrete corrosion biofilms 
to mitigate corrosion activity. We also hypothesize that the regrowth of SOB in the corrosion 
biofilm, once deactivated, will be slow due to the unfavorable growth conditions on concrete 
surfaces (being acidic with the low availability of nutrients). This would imply that frequent 
re-applications would not be needed. If these hypotheses are verified, this could lead to the 
development of a new technology for sewer corrosion control. Nitrite could be sprayed onto 
concrete surfaces, where FNA would form due to the acidic conditions of the corrosion layer. 
This technology could be cost-effective and environmentally friendly as a consequence of 
nitrite being cheap, the application being relatively easy (no surface preparation compared to 
coating) and residual nitrite being biodegradable in sewage.  
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To verify these hypotheses, sodium nitrite was applied to intact corrosion biofilms and to 
suspended solutions of corrosion biofilm. The effect of FNA for control of sulfide induced 
concrete corrosion was evaluated by monitoring the concrete H2S uptake rates (SUR) over 12 
months following a spray application of FNA. The bactericidal effect of FNA on the 
corrosion biofilm microorganisms was determined through the measurement of cell viability 
(Live/Dead staining) and ATP levels directly on intact corrosion biofilms and on suspended 
corrosion layers. Both the SUR and the viability analyses indicate that the nitrite spray is a 
promising strategy to reduce sulfide caused corrosion. 
9.2 Materials and methods 
9.2.1 Corrosion chamber and concrete coupons 
One corrosion chamber was setup in the laboratory to achieve well controlled environmental 
conditions that simulate those of real sewers for the incubation of prepared concrete coupons 
(Figure 4-2, Table S9-1). The gas phase environment inside the chamber was controlled at 50 
ppm H2S, the temperature maintained at 22 – 25 °C and relative humidity at 100%. The 
details of the arrangement of the chamber and coupons were described in section 4.1.2. 
The concrete coupons were incubated in the chamber for at least 34 months prior to FNA 
treatments to allow the development of an active corrosion layer with a surface pH of 
between 2.5 to 3.9 (see section 4.2.1 for surface pH measurement).   
9.2.2 Assessing the FNA application on the intact corrosion layer 
9.2.2.1 Application of the nitrite spray 
Six concrete coupons that were incubated in the corrosion chamber were prepared for testing 
the effect of FNA on the corrosion layer activity. Coupon No. 1 was treated with nitrite spray 
on Day 0. Six months following the nitrite spray, coupon No. 2, having a corrosion activity 
higher than coupon No. 1, was also treated with nitrite spray. The nitrite spray was applied to 
the coupons as described below. Three more coupons received no nitrate spray and were 
included as controls. The usage of three rather than one or two coupons as control increases 
the reliability of the data from the control coupons, particularly considering the high temporal 
fluctuation of corrosion activity. To determine the bactericidal effect of FNA on 
microorganisms within the corrosion layer, the percentage of viable microorganisms was 
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determined on another coupon prior to and 39 hours after nitrite spray (see section 4.2.7 for 
the detailed procedure). 
To perform the coupon spray treatments, 5 mL of sodium nitrite solution (8.3 g NaNO2-N L
-1
) 
stored in a mist sprayer was evenly sprayed onto the surface of the concrete coupons with the 
exposure side facing upward. The day of the spray treatment on coupon No. 1 was termed 
Day 0. Due to the low pH of the corrosion layer, FNA was expected to be formed through the 
reaction between nitrite and H
+
. To ensure sufficient penetration of FNA into the corrosion 
layer and to minimize moisture loss the coupon was stored in a plastic container after 
spraying for 1 h. The concentration of FNA in the corrosion layer was estimated to be 
between 100 and 1000 mg-HNO2-N L
-1
 based on liquid volumes in the concrete and in the 
corrosion layer (water content 31.52% ± 0.90%). The coupon was then placed back into the 
corrosion chamber for re-exposure to sewer conditions. 
9.2.2 H2S uptake rate measurement 
To assess the effect of FNA treatments the SUR were determined periodically on all coupons 
including the 3 control coupons, without FNA treatment, and the 2 experimental coupons 
before and after nitrite spray using the method previously described in chapter 5 (Sun et al., 
2014). Briefly, coupons were retrieved from the corrosion chamber and immediately placed 
into the H2S uptake reactor where the relative humidity was controlled at 100%. H2S gas was 
generated in a bottle and injected to achieve reactor levels of 65 ppm. The H2S uptake profile 
of the coupon was then monitored using a H2S detector (App-Tek OdaLog
®
 Logger L2, 
detection range of 0-200 ppm). The SUR of the coupon at 50 ppm of H2S (i.e. the historical 
exposure level of H2S in the corrosion chamber) was calculated using the monitored H2S 
profiles (Sun et al., 2014). To repeatedly measure the SUR, the injection of gaseous H2S into 
the reactor was performed when the monitored H2S level in gas phase of reactor decreased to 
40 ppm. The average SUR of a coupon was determined from 3 – 5 replicate measurements. 
For the coupon with nitrite spray on day 0 (coupon No. 1), the SUR was intermittently 
measured over 4 months before the spray and over 12 months after the spray. For the other 
sprayed coupon (coupon No. 2), the SUR was intermittently measured over 10 months before 
spray and 6 months after spray. 
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9.2.3 Assessing the FNA application on corrosion layer scrapings 
Tests were performed based on a modified method (Jensen et al., 2011) to determine the 
effect of FNA on corrosion layers scraped from concrete coupon and suspended in solution. 
The tests used 5.80 g of corrosion biofilm with pH at 2.7 ± 0.2 scraped from a coupon after 
40 months exposure in the corrosion chamber. The details of the setup were shown in section 
4.4 (Figure 4-4).  
During the tests the DO level was maintained between 35% and 95% air saturation by 
flushing compressed air through the aeration inlet. Gas was released from an outlet near the 
top of the reactor that was connected to an extension pipe with a volume of 50 mL. 
Background DO consumption profiles were monitored over 2 days prior to the tests. During 
the tests intermittent dosing of the Na2S stock solution (about 300 mg L
-1
) was provided to 
the reactor through the rubber stopper using a needle connected to a syringe. Following a 
period of 22 days incubation, the reactor was dosed with about 5 mg HNO2-N. The SUR, 
adenosine triphosphate (ATP) concentration (see section 4.2.6) and live/dead cell ratios (see 
section 4.2.7) were measured immediately before FNA addition, and then 2 h and 700 h after 
addition, using the methods described below. 
9.3 Results 
9.3.1 Effect of FNA on the intact corrosion biofilm 
9.3.1.1 H2S uptake activity 
The SUR of the experimental coupons prior to application of the nitrite spray and the control 
coupons was relatively constant over the 4 months of measurement (Figure 9-1). Particularly, 
experimental coupon No. 1 (nitrite sprayed on Day 0) and the 3 control coupons had similar 
SUR and the averaged SUR of these 4 coupons fluctuated between 54 and 83 mg-S m
-2
 h
-1
 
prior to FNA treatment (Figure 9-1). The surface pH of the 4 coupons ranged between 3.6 
and 3.9 with no obvious change detected when measured prior to Day 0. These SUR and 
surface pH measurements indicate the presence of an active corrosion layer on the coupons 
that was relatively steady (Figure 9-1). The other experimental coupon, No.2, had a higher 
SUR at 107 ± 6 mg-S m
-2
 h
-1
, and a lower surface pH of 2.7 ± 0.2. The higher corrosion 
activity here is likely coinciding with a higher microbial activity on this coupon. The 
estimated FNA concentrations in these concrete coupon surface was approximately 100-200 
mg-HNO2-N L
-1
. 
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Figure 9-1 The H2S uptake rates of two experimental concrete coupons, coupon No. 1 with 
nitrite spray on day 0 and coupon No. 2 with nitrite spray on day 176, and three control 
coupons without nitrite spray. The SUR of Control shown in the figure prior to day 0 was 
averaged from the SUR of 3 control coupons and coupon No. 1.  
 
Following the application of nitrite on both coupons No. 1 and No. 2 there was a large 
decrease in the SUR of 84% and 92%, respectively. This was accompanied by an immediate 
rise of pH by about 3 and 1 unit, respectively. Likely the FNA had significantly 
suppressed/inhibited the microbial sulfide uptake activity in concrete corrosion layer. 
Importantly, no obvious recovery of SUR by the coupons was observed over nearly one year 
after the nitrite spray. In contrast, over the 16 months of analyses, the SUR of coupons 
without nitrite spray was relatively stable, mostly remaining above 60 mg-S m
-2
 h
-1
 (Figure 9-
1). Given that the coupons with and without FNA treatment had similarly high SUR at the 
start of the experiment, the results implicate that a single application of FNA can effectively 
mitigate the H2S uptake rate of these active concrete corrosion layers for a period of at least 
one year. 
It was seen that the 2 experimental coupons had different levels of SUR before the nitrite 
spray, which were decreased to similarly low levels following the nitrite spray. An 
explanation for this is that the remaining low SUR after nitrite spray is resulting from 
physico-chemical interactions on the concrete surface that may include the physical 
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adsorption of sulfide, chemical oxidation of sulfide and reactions between sulfide and 
alkaline compounds in corrosion layer. Additionally, it was seen that the sulfide uptake rates 
were dependent on sulfide concentrations, and the relationship between these follow orders of 
about 0.5 and 1.5 before and after nitrite spray, respectively (see Figure S9-1 in 
Supplementary Information). These observations support the idea that the reactions are 
mostly biological before the nitrite spray and are non-biological following the spray. 
9.3.1.2 Detection of viable microbial cells in the corrosion layer 
The microbial cells extracted from the corrosion layers were viewed by confocal laser 
scanning microscopy. It was evident that microorganisms were present in the corrosion layer 
and that prior to the nitrite application most of the cells were viable (84.6% ± 8.3%) (Figure 
9-2). Most probably these were existing as a biofilm within the corrosion layer.  However, 
after the nitrite spray proportion of viable cells had decreased to just 10.7% ± 4.3%. The 
results suggest that FNA effectively inactivated most of the microbes within 39 h and this 
coincided with the large drop in SUR of the treated corrosion layer. 
 
Figure 9-2 Confocal laser scanning microscope images of the Live/Dead (green/red) stained 
microbial cells from corrosion layer prior to (A) and 39 h after (B) FNA treatment.  
 
9.3.2 Effect of FNA on corrosion biofilm scraped from the concrete coupon 
The levels of SUR and microbial activities (the latter measured as ATP levels and the ratios 
of viable cells) of the suspended corrosion biofilm scraped from concrete coupon, prior to 
A B 
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and after 2 h and 700 h of FNA treatment were determined (Figure 9-3). Prior to FNA 
treatment, the SUR was 4.8 ± 0.1 mg-S L
-1
 h
-1
 and the ATP level was 6.3 ± 0.2 nM, 
indicating active sulfide oxidation and microbial activity. Additionally, the percentage of 
viable microbes was determined to be 79.7 ± 6.2%. However, after 2 h of FNA treatment the 
SUR sharply decreased to 0 (could not be detected) and the ATP level and the percentage of 
viable microbes decreased to 0.7 ± 0.1 nM and 42.2 ± 6.6%, respectively. No recovery of 
SUR was observed 700 h after FNA treatment and the ATP level continued to decrease to 
0.03 ± 0.005 nM. Similar to the results of the intact corrosion layer, these results again 
suggest that the microbial activity was largely inhibited and that this coincided with the 
complete loss of sulfide uptake activity. Additionally, it was apparent that the long-term FNA 
treatment completely inhibited the sulfide uptake activity due to the strong biocidal effect of 
FNA on the corrosion layer microorganisms. 
 
Figure 9-3 Levels of SUR, ATP and the ratio of viable bacteria measured on reactor 
solutions containing the suspended corrosion biofilm scraped from a coupon after 40 months 
of exposure prior to and after FNA treatment (by dosing of sodium nitrite solution). The ratio 
of viable bacteria was not determined after 700 h of FNA treatment as cells could not be 
extracted from the reactor solution. 
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9.4 Discussion 
9.4.1 The effect of FNA on the corrosion biofilm and its sulfide oxidising activity 
This study demonstrated for the first time that the application of FNA (formed by nitrite 
sprayed onto the acidic concrete corrosion layer) had a strong biocidal effect on the sulfide 
oxidizing microbes. This was experimentally demonstrated through comparing the sulfide 
uptake activity and microbial activity of both intact corrosion layers and from a suspended 
corrosion layer prior to and after FNA treatments. Viable cells were detected from the 
corrosion samples, and likely these existed as a biofilm within the gelatinous like matrix of 
the corrosion layer. It was seen that for the intact corrosion biofilm, the SUR decreased by 84 
– 92% 1 – 2 months after the nitrite spray and the viable bacteria decreased by about 74% 
within two days after the nitrite spray. Similarly, the sulfide uptake activity of the suspended 
corrosion layer was completely inhibited immediately after nitrite addition and the ATP level 
and viable bacteria decreased by about 89% and 38% respectively within a few hours after 
nitrite addition, and ATP further decreased to near 0 nM one month after the treatment. 
Importantly, in this study, no obvious recovery of H2S uptake rates were detected for up to 12  
months following a single FNA treatment. Our results suggest that the recovery of SUR 
would require re-growth of SOB, as the FNA treatment caused long-lasting bactericidal effect 
on the bacteria of the corrosion biofilm. Similarly, no re-growth of bacteria was observed in 
the suspended corrosion layer experiments after 1 month incubation. The results clearly 
demonstrated that sulfide uptake activity can be largely inhibited for more than one year due 
to the bactericidal effect of FNA on sulfide oxidizing microbes. This is significant and places 
this potentially as a very effective treatment to inhibit sewer concrete corrosion, which is 
discussed in more detail in section 9.4.2. 
FNA rather than nitrite was likely the key factor that deactivated the bacteria of the acidic 
corrosion biofilm. More than 99% of nitrite existed as FNA when the pH level of corrosion 
biofilm was 2.5. The strong bactericidal effect of FNA on the bacteria of these corrosion 
biofilms was similar to those observed on an anaerobic sewer biofilm and on activated sludge 
(Jiang et al., 2011b; Pijuan et al., 2012). In these previous studies, the free nitrous acid at ppm 
levels was strongly biocidal to the microorganisms in the sewer biofilms and activated sludge, 
and deactivated the microorganisms by 65% to 100% after FNA treatments of between 24 to 
48 h (Jiang et al., 2011b). 
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It is noted that the sulfide uptake activity of the suspended biofilm was completely inhibited 
before the complete decrease of ATP. It is possible that the biological sulfide oxidizing 
activity is inhibited specifically by FNA before a more general deactivation of microbial 
activity occurs. 
Treatment of concrete coupon with 1000 ppm benzalkonium chloride caused a 5-log decrease 
of the most probable number of SOB, with these organisms deactivated for more than 7 
weeks (Sydney et al., 1996). However, the surface pH didn’t increase with this biocide 
treatment. Further field tests of 50% magnesium hydroxide mixed with 100 ppm n-alkyl 
dimethyl benzyl ammonium chloride showed a surface pH increase to above background 
levels for a period of more than 7 weeks. The results of nitrite spray in our study showed 
longer duration of deactivation than that by the quaternary ammonia compounds. In addition, 
nitrite spray is considered to be more environmentally friendly as quaternary ammonia 
compounds are environmental hazards. 
9.4.2 Nitrite spray as a potential technology for corrosion control in sewers 
A long-lasting effect is a key factor for the success of a corrosion treatment. The long-lasting 
bactericidal effect of FNA on SOB indicates that this spray has excellent potential for 
development into a practical technology for effective mitigation of microbially induced 
concrete corrosion. To assess the economic cost of the FNA-based technology, the chemical 
cost of the nitrite spray on a gravity pipe with diameter of 2 m was estimated. Assuming half 
of the concrete surface is exposed to the gas phase and subject to corrosion, and the price of 
sodium nitrite is $500/tonne (Wang et al., 2013a), the chemical cost would be AU$ 33 per 
kilometre. Thus the chemical costs for the nitrite treatment is negligible and likely the 
operational cost for the spray would be the main component. Chemical spraying of sewer 
pipes is already conducted and such techniques could be readily developed for the spraying of 
nitrite (Gunderson 1997; Sydney et al., 1996). 
Compared to previously reported methods for control of microbially induced concrete 
corrosion, there are multiple advantages for the FNA-based technology. Firstly, FNA has a 
long lasting effect in deactivating the sulfide oxidizing microbes. Based on our results, we 
estimate the frequency of application would be one to several years (to be further determined 
with continued experiments). Secondly, it is potentially a cheap technology compared to 
other crown spray methods. For example, the chemicals for application of magnesium 
hydroxide mixtures or coatings of epoxy, zeolite and polymers are relatively more expensive. 
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Additionally, these coating methods require the added cost of surface preparation (Haile et al., 
2008; Rhee and Verdes 2012) which is not required by the nitrite spray. Thirdly, the method 
would use an environmentally friendly chemical (i.e. nitrite). Following the spray some 
nitrite could enter the sewage and contribute to the nitrogen-load to a downstream wastewater 
treatment plant. However, as the amount of nitrite sprayed onto the concrete is small and 
potentially infrequent, much of it entering the sewage would be ustilised by denitrification 
instantaneously and the effect on a treatment plant would be negligible. 
The excellent laboratory results strongly support future field tests of the strategy, which 
should aim to not only develop detailed application procedures, but also to verify its 
effectiveness in real sewer conditions. In some cases, FNA may be washed out when 
corroded concrete surface is submerged in sewage during high flow periods caused by for 
example the entry of stormwater. Theoretically, the FNA washout is not expected to cause 
significant adverse effects on the effectiveness of the technology, as this technology relies on 
the deactivation of SOB by FNA within a few hours. Meanwhile, microbes brought from 
sewage to the concrete surface may not colonize due to the very different and harsher growth 
conditions on concrete surface including a much lower pH. However, further tests are 
indispensable to fully evaluate the effectiveness of nitrite spray on corrosion control in real 
sewers, and to understand whether FNA washout would affect the recolonization of microbes, 
and hence the recovery of corrosion. 
9.5 Conclusions 
This study demonstrates that: 
 The SUR of concrete with active corrosion activity was reduced by 80-90% after 
FNA treatment and the recovery of SUR and the re-growth of bacteria was not 
obvious over one year. 
 The SUR of a suspended corrosion biofilm scraped from concrete was completely 
inhibited and the ATP levels were severely decreased after FNA treatment. 
 The FNA-based treatment has a potential to be optimized and applied in gravity 
sewers to mitigate corrosion.  
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9.6 Supplementary information 
Table S9-1 Characteristics of the domestic sewage used in the corrosion chambers. 
Parameter Unit Concentration 
Sulfide mg-S/L 2.8 ± 0.3 
Sulfate mg-S/L 10 ~ 25 
VFA mg-COD/L 50 ~ 100 
Total COD mg-O2/L 469 ± 0.6 
Soluble COD mg-O2/L 258 ± 5.3 
Ammonium mg-N/L 46.7 ± 0.5 
pH - 7.2 ~ 7.5 
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Figure S9-1 H2S uptake profiles of the concrete coupon No. 2 prior to (A) and 15 days after 
FNA treatment (B). The corresponding measured and simulated SUR prior to and 15 days 
after FNA treatment is plotted against H2S concentrations (C).  
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Chapter 10 Effects of surface washing on the mitigation of concrete corrosion 
under sewer conditions 
10.1 Introduction 
To achieve effective corrosion control, various technologies have been developed. These 
technologies mitigate the corrosion through either preventing the build up of sulfide in the 
liquid phase or by preventing the concrete surface from H2S attack (Ganigue et al., 2011; 
Pikaar et al., 2014; Sun et al., 2015c; Sydney et al., 1996). In particular, one treatment is to 
directly remove the corrosion layer by washing the concrete surface. This is considered a cost 
efficient approach and hence is of great interest to water utilities (Mansfeld et al., 1991). 
However, surprisingly there has been no comprehensive evaluation on the effectiveness of 
surface washing for the purpose of mitigating concrete corrosion. 
Currently, there is disagreement on whether the formed concrete corrosion layer accelerates 
or slows the corrosion process (Monteny et al., 2000; Mori et al., 1992; Satoh et al., 2009). It 
is proposed that the thick corrosion layer acts as a barrier that slows the sulfuric acid attack 
onto the intact concrete surface, and consequently it is suggested that the removal of the 
corrosion layer would accelerate the corrosion activity (Mori et al., 1992; Satoh et al., 2009). 
In contrast it is argued that the flushing of the concrete pipe with sewage removes the 
corrosion layer and this disturbs and removes the low pH environment of the sulfur oxidizing 
bacteria (Islander et al., 1991; Mansfeld et al., 1991; Monteny et al., 2000). Therefore, there 
are contradictory theories of the effect that surface washing may have on the corrosion 
processes and it is not clear whether washing would mitigate the corrosion activity. 
It is indicated that gentle flushing is not a successful control measure. Two early studies 
flushed concrete samples with wastewater for a few seconds and repeated it 1-3 times daily or 
weekly (Islander et al., 1991; Mansfeld et al., 1991). This immediately increased the concrete 
surface pH, although, this returned to its low level found prior to flushing, in a few hours. 
Likely the gentle flushing only removed soluble components (e.g. acid) but not the corrosion 
layer containing the acid-generating microbes. They measured the surface pH and indirectly 
measured the corrosion rates from the polarization resistance. It was postulated that heavy 
and frequent washing is necessary to effectively reduce corrosion rates (in terms of producing 
high surface pH) (Islander et al., 1991; Mansfeld et al., 1991). A more recent study washed 
concrete pipes using a hose and a brush, but this only temporarily reduced the corrosion 
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activity (measured as sulfide oxidation rate). In just 10 d the sulfide oxidizing rate was seen 
to increase and by 30-40 d this had reached the pre-washing level (Nielsen et al., 2008). In 
this study the bioactive layer would have been removed from concrete surface, although the 
effect on corrosion activity was only measured through the sulfide oxidation rates (Nielsen et 
al., 2008). A comprehensive and systematic study evaluating the effect of high pressure 
washing on the concrete surface pH, sulfide oxidation rate and concrete loss in the long term 
is required to delineate the overall impacts of surface washing for mitigating sewer corrosion. 
The aim of this study was to assess the effectivity of high pressure washing on controlling 
corrosion of concrete in corrosive sewer environment. To simulate the concrete exposure 
condition in real sewers, concrete coupons were exposed to the gas phase of laboratory 
chambers with controlled levels of relative humidity, temperature and H2S concentration. 
After being exposed in the chamber for specified periods, the coupons with various corrosion 
levels were washed using a high pressure washer with water. The sulfide oxidation activities 
of the coupons were measured and concrete losses of washed and unwashed concrete 
coupons were compared in a long term study of over 4.5 years. The experiment enabled a 
comprehensive understanding and evaluation of the effect of washing on corrosion control. 
10.2 Materials and methods 
10.2.1 Concrete coupons and corrosion chamber 
Two types of concrete coupons, i.e. fresh and pre-corroded concrete coupons, were prepared 
and established into the laboratory corrosion chambers as described in section 4.1.1. Four 
identical corrosion chambers were constructed to achieve a controlled environment 
simulating that of real sewers and the detailed description is made in section 4.1.2. The 
conditions in the chambers were controlled at four H2S levels (i.e. 5 ppm, 10 ppm, 25 ppm 
and 50 ppm) with the gas-phase temperatures at about 25 °C and the relative humidity level 
at 100%.   
10.2.2 A test to monitor the corrosion recovery after high pressure washing 
This test investigated the recovery of corrosion activity of corroding concrete coupons after 
the high pressure washing. The coupons used were from the 5 ppm (F5 and P5, namely the 
fresh and pre-corroded coupon respectively) and 50 ppm (F50 and P50, namely the fresh and 
pre-corroded coupon respectively) H2S level chambers exposed to 100% relative humidity 
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and 25 °C for 45 months. In this test the SUR, sulfur species in the corrosion layers and 
surface pH were measured (see details in section 4.2). 
The washing was carried out on the coupon exposure surface using a high pressure washer 
(Karcher K 5.20 M, 12 MPa). For each coupon, the surface was washed by 4-8 L of 
deionized water and the estimated energy consumption was 0.018-0.036 kJ. H2S uptake tests 
and surface pH measurements were carried out immediately before and after the high 
pressure washing, as described in section 4.3.2 and 4.2.1, respectively. The washed coupons 
were returned to the original exposure chamber for re-exposure. This was followed by weekly 
measurements of SUR for 1-4 weeks, and monthly measurements of SUR for 1-6 months 
untill the H2S uptake rate recovered to the pre-washing levels. Both elemental sulfur and 
sulfate on the fresh coupon surface were determined whereas only sulfate on the pre-corroded 
coupon was determined (see section 4.2.5). 
10.2.3 A test to determine the concrete loss of washed and unwashed coupons 
This test measured the actual concrete loss of 28 coupons from two corrosion chambers at 
different gaseous H2S concentrations, i.e. 10 ppm and 25 ppm after 54 months of exposure. 
There were 7 sets of coupons in each chamber (i.e. 7 fresh and 7 pre-corroded coupons). Each 
coupon set, No. 1-6 were subjected to one high-pressure washing event during the exposure 
period in the chambers, this occurring after 6, 12, 18, 24, 34, and 44 months exposure 
respectively. After the wash the coupon sets were returned to their respective corrosion 
chambers for the remainder of the exposure period. Then after 54 months exposure in the 
chambers all coupon sets were removed and subjected to the high pressure washing and the 
coupon concrete loss was determined as described in section 4.2.3. Coupon surface pH before 
and immediately after washing was determined as described in section 4.2.1. 
10.3 Results and discussion 
10.3.1 Recovery of corrosion activity after high pressure washing 
10.3.1.1 Visual inspection 
Visual comparison of the concrete coupons before and after the high pressure washing was 
performed (Figure 10-1). It was evident there was limited corrosion on the coupons exposed 
at 5 ppm H2S. In contrast, a porous and whitish layer of corrosion product was evident on the 
coupons exposed at 50 ppm H2S. This layer was soft and loosely bound material with little 
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mechanical strength, which is most likely the corrosion products, mainly gypsum and 
ettringite, formed through the reactions between sulfuric acid and alkaline compounds in the 
concrete (Zivica and Bajza 2001). For both the 5 ppm exposed coupons (F5 and P5), washing 
caused no obvious change to the surface by visual inspection. However, washing removed a 
significant corrosion layer from the 50 ppm coupons, especially from the pre-corroded 
coupon. In addition, after washing away of the surface corrosion layer, there were still 
remaining solidified corrosion layer on the surface of coupon P5, F50 and P50 (Figure 10-1C 
& 10-1D). This is similar to a previous study showing that washing only removed the loosely 
bound corrosion products from the concrete pipe (Nielsen et al., 2008). The yellowish and 
brownish color of this remaining layer after washing is likely due to the formation of 
elemental sulfur or iron rust (Jiang et al., 2014b). In addition, there could be other residual 
corrosion product on the concrete surface after high pressure washing, e.g. ettringite and 
gypsum.  
 
Figure 10-1 Photos of a 5ppm (A&C) and a 50 ppm (B&D) H2S exposed concrete coupon set 
before and after the high pressure washing. Each coupon set consists of a fresh (the left side) 
and a pre-corroded (the right side) concrete coupon. 
 
10.3.1.2 Surface pH and sulfur species 
Before exposure in the corrosion chambers, the fresh and pre-corroded coupon surface pH 
was about 10.6 and 8.0 respectively. The surface pH of the 5 ppm and 50 ppm H2S exposed, 
fresh and pre-corroded coupons, clearly indicates that the four coupons were at different 
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stages of corrosion (Figure 10-2). F5 was still at a very early stage of corrosion, with a slight 
surface pH neutralisation, which is likely caused through acidification by CO2 and H2S 
(Joseph et al., 2012). Low levels of sulfur species were detected on the F5 coupon surface 
(Table 10-1). Coupons P5 and F50 were likely at an intermediate stage of corrosion, where 
biological acid production (e.g. sulfate at the levels of 20-120 g m
-2
 shown in Table 10-1) 
occurred to lower the surface pH to 4-5 (Charnnok et al., 2013; Gutiérrez-Padilla et al., 2010; 
Moghanloo et al., 2010). Subsequently, coupon P50 was at an advanced stage of corrosion 
with pH at around 2, suggesting that acidophilic microorganisms were well established and 
prevalent on the coupon (Okabe et al., 2007; Zhang et al., 2009b). On this coupon the 
biogenic sulfuric acid produced here (the measured sulfate concentration was 282.9 g m
-2
, as 
shown in Table 10-1) would react actively with cementitious materials of the concrete 
causing formation of the observed corrosion layer (Figure 10-1B). 
 
Figure 10-2 Surface pH of coupon F5, P5, F50 and P50 (F and P indicate fresh and pre-
corroded coupon, respectively, 5 and 50 indicate the exposure H2S concentration (ppm)) 
before the high-pressure washing and immediately after that. Each error bar represents the 
standard deviation of four measurements on each concrete coupon surface. 
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Table 10-1 Sulfur species measured on surface of coupons exposed to 5 and 50 ppm of H2S. 
H2S exposure level (ppm) 
Fresh coupons Pre-corroded coupons 
S
0
 (g m
-2
) SO4
2-
 (g m
-2
) S
0
 (g m
-2
) SO4
2-
 (g m
-2
) 
5 7.3 4.9 NA 119.4 
50 27.6 22.8 NA 282.9 
 
The surface pH of the coupons increased by various extents after washing (Figure 10-2). The 
rise of surface pH caused by washing was more obvious on the 50 ppm exposed coupons than 
on the 5 ppm coupons. For the 50 ppm coupons, the surface pH increased by 2.9 and 2.0 units 
on the fresh and pre-corroded concrete, respectively. The change for 5 ppm exposed coupons 
was only around 0.2 for both the fresh and pre-corroded concrete. This difference was due to 
the higher level of corrosion occurring on the 50 ppm coupons, and this acidic corrosion layer 
having a greater difference in pH to that of the concrete surface measured after washing. It is 
shown in corrosion layers that the pH increases abruptly from the surface of the corrosion 
layer to the concrete surface after washing. The concrete surface pH of these four coupons 
after washing varied between 5 and 10 (Figure 10-2). Obviously, in our study the high 
pressure washing did not completely strip off the corrosion layer as the measured pH was still 
below that of intact concrete, and this agrees with the observation of remained corrosion layer 
on concrete surface after washing (Figure 10-1C&10-1D). 
The increase of pH after washing is consistent with the findings reported previously (Islander 
et al., 1991; Jiang et al., 2014b; Mansfeld et al., 1991). In the study reported by Mansfeld et 
al., (1991), concrete samples were set up in a corrosion chamber of a local sewer to monitor 
the effect of periodic flushing on the surface pH. Flushing the severely corroded concrete for 
8 s using sewage increased the surface pH from below 1 to levels below 3. Similar results 
was obtained by Islander et al., (1991). However, a rapid (i.e. within a few hours) re-
establishment of low pH environment was found in both cases probably due to the continuous 
acid production by sulfide oxidizing bacteria. 
10.3.1.3 Sulfide uptake activity 
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The sulfide uptake rates were determined before (SURb) and after (SURr) washing the 
coupons (Figure 10-3A). For all concrete coupons, the SUR decreased immediately after 
washing probably due to the loss of SOB and thus decrease of the microbial sulfide oxidizing 
activity. The remained SUR after washing is likely driven by chemical sulfide oxidation and 
the residual microbial catalysed sulfide oxidation. The largest decrease of SUR, measured 
immediately after the high pressure washing, was about 60% on the P50 coupon. The 
smallest such decrease of about 35% occurred for the F50 coupon. The larger decrease of 
SUR, measured on the more severely corroded P50 coupon, was probably due to the higher 
degree of SOB activity on that corrosion layer prior to washing. The decrease of SUR for the 
F50 coupon, albeit smaller, indicates a poorer removal of the corrosion layer, as we detected 
visually (Figure 10-1). The decrease immediately after washing was positively correlated to 
the pre-washing corrosion levels. 
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Figure 10-3 Recovery ratio (SURb and SURr indicate the SUR of coupon prior to and after 
washing, respectively) of the coupon F5, P5, F50 and P50 (F and P indicate fresh and pre-
corroded coupon, respectively, 5 and 50 indicate the H2S concentration (ppm) in exposure 
chamber) after the high pressure washing is shown in Figure A and the full SUR recovery 
time of the four concrete coupons after washing is shown in Figure B. 
 
For the 5 ppm exposed coupons, the SUR of F5 recovered to prewashing levels (recovery 
ratio ≥1) after 59 days, which is 25 days shorter than the recovery of P5 (Figure 10-3). The 
difference between the full recovery time for F50 and P50 was 65 days, with F50 reaching 
full recovery within 70 days. The recovery of SUR was most likely due to the re-growth of 
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sulfide oxidizing bacteria. The quick recovery for F50 again possibly indicates the 
incomplete removal of the corrosion layer. Overall, it is clear that the recovery period was 
positively correlated to the pre-washing corrosion levels, i.e. the higher the pre-washing 
corrosion extent, the longer the full recovery period after the washing treatment. 
The SUR recovery of the corroded coupons of our study were slower than those in a study 
which observed full recovery in 30-40 days (Nielsen et al., 2008). The previous study 
intermittently supplied gaseous H2S up to 1000 ppmv to the corroded concrete pipe (surface 
pH below 1-2), which is much higher than typical H2S levels in real sewers. Our study used 
gaseous H2S concentrations of up to 50 ppm, which is much more representative of sewer 
conditions. Also, we used deionized water to avoid unwanted interference from the washing 
liquid. In contrast, the previous study using sewage would likely add nutrients and trace 
minerals to residual bacteria on the concrete surface.  Consequently, the lower recovery rates 
observed in this study could be due to both the lower H2S levels used for exposure and the 
different washing methods. 
10.3.2 Long term concrete loss of washed coupons after re-exposure 
The effect of washing on the concrete loss during the long term exposure to corrosive sewer 
conditions was determined (Figure 10-4A and B). After a total exposure period of 54 months, 
the corrosion layer was clearly observed on the surface of the coupons (Figure S10-1&S10-2 
in Supplementary Information). For the fresh coupons exposed to both 10 ppm and 25 ppm 
H2S, the average concrete losses from the washed coupons (coupons numbered 1 to 6) after 
54 months were limited, i.e. 0.86 ± 0.16 mm and 0.64 ± 0.18 mm, respectively (Figure 10-
4A). Also, there was no significant difference of concrete loss between the washed (No. 1-6) 
and the non-washed (No. 7) fresh coupons (Figure 10-4A). The concrete loss of the pre-
corroded coupons after the 54 months of H2S exposure was determined (Figure 10-4B). The 
average concrete loss for the high pressure washed pre-corroded coupons (numbered 1-6) was 
3.33 ± 0.65 mm and 5.92 ± 0.67 mm for the 10 ppm and 25 ppm H2S exposure concentrations 
respectively. The unwashed pre-corroded coupons had concrete losses of 2.85 mm and 6.67 
mm for the 10 ppm and 25 ppm H2S exposure conditions respectively. These losses were 
almost within the 95% confidence ranges, i.e. 2.81 – 3.84 mm and 5.39 – 6.46 mm, for the 
washed pre-corroded coupons exposed to 10 ppm and 25 ppm gaseous H2S concentrations, 
respectively. It is thus concluded that the high pressure washing did not cause significant 
differences to the concrete loss from the fresh coupons at both levels of H2S exposure and 
137 
 
from the pre-corroded sewer concrete exposed to 10 ppm H2S (P<0.05). However, a slight 
decrease in concrete loss caused by the high pressure washing was observed on the 25 ppm 
H2S exposed, pre-corroded coupons. These results were also supported by the similar surface 
pH detected on the washed and non-washed coupons for both the fresh and pre-corroded 
concrete (Figure 10-4 C&D). 
   
  
Figure 10-4 Concrete loss from the fresh (A) and pre-corroded coupons (B) exposed to H2S 
at 10 ppm and 25 ppm for 54 months and the corresponding surface pH of the fresh (C) and 
pre-corroded (D) coupons after 54 months of exposure. Coupons numbered 1 to 6 were 
subjected to one high-pressure washing event during the exposure period, this occurring after 
6, 12, 18, 24, 34, and 44 months exposure respectively. Coupons numbered 7 received no 
washing during the exposure period. Average concrete losses were calculated from the those 
measured on coupons 1 to 6. Each error bar represents the standard deviation of four pH 
measurements on each coupon surface. 
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10.3.3 Potential mechanisms of corrosion mitigation by surface washing 
 Our results demonstrated that high pressure washing reduced the H2S uptake activity of the 
coupons that had a range of corrosion levels. The full recovery of sulfide uptake was fairly 
quick on the fresh concrete, around 60-80 days, whereas the full recovery took over 4 months 
for the severely corroded pre-corroded concrete (i.e. coupon P50). Therefore, in the short 
term (i.e. at the magnitude of month), the high pressure washing was possibly more effective 
to control the corrosion on the more heavily corroded concrete. However, the washing did not 
result in significant changes of concrete loss over the long-term exposure period of 4.5 years. 
Frequent washing at short intervals every few months might be needed to mitigate the 
corrosion over a long term. 
Undoubtedly, the high pressure washing removes the corrosion layer containing corrosion 
products (e.g. gypsum and ettringite), sulfide oxidizing bacteria (SOB) and acid formed 
through chemical and biological sulfide oxidation. The loss of SOB would cause decrease of 
the microbially induced H2S uptake by the concrete and hence decrease of the concrete SUR, 
as was detected (Figure 10-3). Meanwhile, the removal of the corrosion layer would 
eliminate the barrier for acid attack and hence facilitate the penetration of acid, that could be 
produced by chemical sulfide oxidation and the residual SOB catalysed sulfide oxidation, 
towards the inner intact concrete. Consequently, washing may pose positive and negative 
effects on the SUR and acid penetration of corroding sewer concrete. However, these effects 
were negated in this study, thus, having no overall effect on the long term concrete loss. 
During the re-exposure of coupons in the corrosion chambers after washing, the SUR 
gradually recovered and the thickness of the corrosion layer gradually increased. However, 
increasing corrosion development is not expected to accompany with an infinite increase of 
SUR. On a thick corrosion layer sulfide oxidation would be limited to certain regions within 
the layer depending on the diffusion gradients of dissolved oxygen and H2S and the 
distribution of SOB. Additionally, extremely low pH resulting from the acid production 
within the corrosion layer would in turn inhibit the activity of SOB (Gutiérrez-Padilla et al., 
2010; Mahmood et al., 2008; Nielsen et al., 2008). Likely, an increasing corrosion thickness 
would increase the barrier for acid diffusion to the corrosion front. Then within the layer, the 
diffusion rate would limit the overall corrosion rate, as this is generally much lower than the 
neutralizing reactions at the corrosion front (Houst and Wittmann 2002). Thus, a semi-stable 
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corrosion rate will be achieved eventually (Wells and Melchers 2014). Overall, the washing 
only affects the redevelopment of the corrosion layer, which may only take some months. 
10.4 Conclusions 
This study demonstrates that: 
 High pressure washing increased the coupon surface pH and decreased the SUR. The 
largest increase of pH and decrease of SUR were from the most severely corroded 
coupons. 
 The coupon SUR recovered to the level prior to high pressure washing within 60-140 
days and the slowest recovery was from the most severely corroded coupon.  
 Washing cause no significant difference of the concrete loss over the long-term 
exposure in sewer conditions of 4.5 years.   
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10.5 Supplementary information 
 
Figure S10-1 Photos of concrete coupons with exposure to 10 ppm of H2S for 54 months 
prior to and after the high pressure washing were shown on the left (A, C, E, G, I, K and M) 
and right (B, D, F, H, J and N) side respectively. Coupons shown in Figure A, C, E, G, I and 
K were numbered 1 to 6 and were subjected to a high-pressure washing event during the 
exposure period in the chambers, this occurring after 6, 12, 18, 24, 34 and 44 months 
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exposure respectively. Coupon shown in Figure M received no wash during the exposure 
period. 
 
 
Figure S10-2 Photos of concrete coupons with exposure to 25 ppm of H2S for 54 months 
prior to and after the high pressure washing were shown on the left and right side respectively. 
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Coupons shown in Figure A, C, E, G, I and K were subjected to the washing event during the 
exposure period in the chambers, this occurring after washed for the first time after exposure 
for 6, 12, 18, 24, 34 and 44 months exposure respectively. Coupon shown in Figure M 
received no washing during the exposure period.  
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Chapter 11 Research conclusions and future work 
11.1 Conclusions 
A novel, non-invasive methodology to measure the H2S uptake rates of concrete coupons was 
developed and is proposed as a potential method to study sewer concrete corrosion rates. The 
study demonstrates that: 
 The designed methodology gave reproducible measurements of H2S uptake rates of 
actively corroding concrete coupons. 
 The approach can differentiate the H2S uptake rates of concrete with different levels 
of corrosion, and at different temperatures. 
 The H2S uptake rate can be used to estimate maximum possible concrete corrosion 
rates in mm per year. 
 The methodology was successful to investigate and improve the understanding of the 
overall corrosion process and the influence of various factors such as H2S 
concentrations, temperature, humidity etc. These aspects will need to be further 
investigated since they may be helpful for the development of an accurate model to 
predict microbially induced concrete corrosion. 
The effects of fluctuations in gaseous H2S concentrations on the H2S uptake by corroding 
sewer concrete coupons were identified. The main findings are: 
 Both short and long high loads of H2S decrease the SUR of concrete coupons. The 
latter leads to a larger temporary reduction of SUR whereas both loads cause similar 
persistent inhibition effects of SUR. 
 Sequential exposures to elevated H2S levels create a cumulative negative effect on the 
SUR, which is more pronounced if there is a rapid initial increase rather than a 
gradual increase in H2S. 
 The sensitivity of the H2S uptake rate by the corrosion layer towards high H2S loads is 
largely dependent on the historical H2S exposure levels of the concrete. Large H2S 
loads on a low baseline concentration have a more pronounced impact on the total 
sulfide uptake than modest increases on top of higher baseline H2S levels. However, it 
has to be considered that for a specific concrete, actively corroding concrete surface 
higher average H2S concentrations always create more corrosive conditions than 
lower levels.  
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 Due to the rapid decrease and slow recovery effect of H2S spikes on the SUR, an 
estimation of the corrosion effect using average H2S concentrations may result in an 
overestimation of the total H2S uptake and thus probably an overestimation of the 
concrete corrosion rates. 
 Deprivation of the gaseous H2S for 1 h consistently caused temporary increase of the 
SUR immediately upon H2S re-supply at previous levels. In contrast deprivation of 
both gaseous H2S and O2 for 1 h caused little increase of the SUR after re-supply. 
Consequently, the oxidation of reduced sulfur species within the corrosion layer is 
likely limiting the H2S uptake and oxidation process. 
 The SUR decreased by 1.2% after a long term deprivation of H2S (i.e. 12 h), likely 
this was caused by reduced biological activity after the extended “starvation”. 
 These findings enable better understanding of the dynamic processes involved in the 
H2S uptake and oxidation in sulfide-induced concrete corrosion processes. 
Tests performed on an intact concrete corrosion layer and a suspended solution of corrosion 
product enabled investigation of the sulfide oxidation processes involved in concrete sewer 
corrosion. The main conclusions are: 
 The dominant microbial communities in the corrosion layer and the suspended 
corrosion product (after incubation) were in high similarity. Consequently, the 
kinetics and stoichiometry of the microbially-induced sulfide oxidation identified in 
suspended solution could represent those in corrosion layer.  
 Sulfide was oxidized into sulfur intermediates in the continuous presence of H2S. The 
intermediates of sulfide oxidation were then only fully oxidized to sulfate in the 
absence of sulfide. 
 Sulfide oxidation activity strongly associates with DO levels. 
 Chemical oxidation of sulfide was surprisingly significant in the acidic corrosion 
product, this was probably due to the catalysing effect of metals existing in the 
corrosion layer. 
The feasibility of eliminating sulfide oxidizing bacteria using an antimicrobial agent and thus 
achieving the reduction of biological sulfide oxidation was demonstrated through long-term 
laboratory tests. The main conclusions are: 
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 The sulfide consumption rate of concrete coupons with active corrosion activity was 
reduced by approximately 80 – 90% shortly after FNA treatment. The viable bacteria 
decreased from 84.6% ± 8.3% to 10.7% ± 4.3% 39 h after FNA treatment. 
 The biocidal effect of the FNA treatment was long term as the recovery of SUR and 
the re-growth of bacteria was not observed over nearly one year. 
 After FNA application on a suspended corrosion biofilm scraped from concrete the 
sulfide uptake activity was completely inhibited and the ATP levels were severely 
decreased. 
 The FNA treatment demonstrated in this study has potential to be optimized for full-
scale application in partially filled sewer networks for mitigation of sulfide induced 
concrete corrosion. 
The effect of high pressure washing on corrosion activity of sewer concrete was investigated 
and the main conclusions are: 
 High pressure washing increased the coupon surface pH and decreased the SUR. The 
highest increase of pH and decrease of SUR occurred on the coupons with the most 
severe levels of corrosion. 
 The SUR recovered to pre-washing levels within 60-140 days. The slowest recovery 
was observed on the coupon with the most severe corrosion. 
 Washing did not cause significant difference of the concrete loss during long-term 
exposure of concrete in sewer conditions of 4.5 years. 
11.2 Recommendations for future research  
During the whole period of my PhD, many research challenges, in addition to the research 
objectives investigated so far, were identified that require further research. Some of these are 
summarized below: 
 The research in this thesis revealed that both peaks and troughs of H2S concentrations 
affected the H2S uptake of sewer concrete and hence could affect the corrosion rate. 
Though some explanatory mechanisms were proposed, the detailed mechanism needs 
to be determined. In addition, the combinatory effect of H2S peaks and troughs on the 
H2S uptake activity and hence corrosion activity needs further investigation.  
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 This thesis investigated the transfer of gaseous H2S from the sewer atmosphere to 
sewer concrete surfaces with the gaseous relative humidity controlled at 100%. 
However, in the real sewer atmosphere, there may be large variations in the relative 
humidity. These variations may directly affect the condensation layer on the concrete 
surface and hence the microbial communities and microbial-driven sulfide oxidizing 
activity. The effect of relative humidity on the H2S uptake process and hence the 
corrosion processes needs to be further investigated. 
 
 The feasibility of using FNA treatment to deactivate sulfide oxidizing bacteria and 
hence reduce sulfide oxidizing activity was demonstrated by laboratory study. It is a 
potential environmentally friendly and cost-effective method in controlling sewer 
corrosion. However, in real sewers, FNA may be washed out when the concrete 
surface is submerged in sewage during high flow periods. Therefore, further tests are 
essential to fully evaluate the effectiveness of FNA treatment on corrosion control in 
real sewers. 
 
 The microbial community analysis of an actively corroding coupon showed that one 
of the main microbes in the corrosion layer was an archaea of the genus Ferroplasma. 
This genus is seldom found in sewer corrosion products. As a consequence, the role of 
archaea in microbially induced concrete corrosion process needs further research.   
 
 This thesis investigated the details of H2S transfer from sewer atmosphere to concrete 
pipe surfaces. To predict the H2S uptake activity of concrete under various 
environmental conditions, a model describing the H2S uptake process needs to be 
developed. This model could be incorporated into the systematic corrosion model for 
corrosion rate prediction.  
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